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ABSTRACT 


\ 

\ 

■1 

A  comprehensive  methodology  for  the  design  of  municipal 
water  distribution  systems  that  explicitly  incorporates  reliability 
and  performance  into  the  system  design  is  developed.  The  complex 
design  problem  is  decomposed  within  the  context  of  a  three-level 
hierarchically  integrated  system  of  models.  The  first  and  second 
level  models  combine  to  select  the  links  in  the  distribution  system 
layout.  The  third  level  model  accomplishes  the  detailed  system 
design  for  the  layout  from  the  upper  level  models.  Two  alternative 
first  level  models,  a  shortest  path  tree  and  a  nonlinear  programming 
model,  are  developed  to  select  the  minimum  cost  tree  layout.  Two 
second  level,  complementary  0-1  integer  programming  models  are 
developed  to  select  the  loop-forming  links  for  the  minimum  cost 
tree  layout.  The  third  level  nonlinear  programming  model  optimizes 
the  detailed  distribution  system  design  (link  diameters,  pump  capa¬ 
cities,  elevated  storage  heights,  and  valve  resistance)  of  the 
resulting  network  layout  with  respect  to  distribution  system  per¬ 
formance  under  expected  emergency  loading  conditions  (fire  demand. 


v 


S 


broken  links,  pump  outage).  This  detailed  design  is  performed 
subject  to  satisfying  steady  state  conditions,  minimum  performance 
levels  under  normal  loading  conditions,  and  maximum  budget  level. 
The  methodology  is  applied  to  the  design  of  a  real  life  water 
distribution  system. 
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CHAPTER  1 

LITERATURE  REVIEW 

1 . 1  Introduction  to  Water  Distribution  Systems 

1. 1.1  Major  System  Components 

A  water  distribution  system  generally  consists  of  a  set  of 
sources,  pipes,  pumps,  and  valves  that  supply  water  to  a  set  of 
demand  points.  In  network  terms  the  source  and  demand  points  may 
be  represented  by  nodes  and  the  pipes  may  be  represented  by  links  or 
arcs  connecting  the  nodes.  Source  nodes  bring  flow  into  the  network 
while  demand  nodes  withdraw  flow  from  the  network.  A  special  type 
of  source,  the  balancing  storage  reservoir,  has  a  dual  function  of 
filling  up  with  water  during  periods  of  low  demand  (night)  and 
releasing  water  during  periods  of  high  demand  (late  afternoon/early 
evening). 

1.1.2  Conservation  of  Energy 

Flowing  water  contains  both  kinetic  and  potential  energy. 

It  possesses  kinetic  energy  due  to  its  motion.  It  contains  two 


1 


forms  of  potential  energy,  one  by  virtue  of  its  elevation  and  the 
other  by  virtue  of  its  pressure.  The  energy  per  unit  weight  (E/g') 
of  a  fluid  is  the  sum  of  these  three  energy  components: 


E 


EL 


(1-D 


due  due 

energy/unit  weight  =  to  +  to  +  Kinetic 

elevation  pressure 

where  EL  is  the  vertical  distance  above  some  datum  plane,  P  is 

the  fluid  pressure,  y  the  specific  weight  of  the  fluid,  g'  the 

acceleration  of  gravity,  and  V  the  velocity  of  the  liquid  [1], 

Since  the  units  of  energy  are  force  times  length  and  gravity  is  a 

force,  the  dimension  of  equation  (1-1)  is  length  (more  correctly 

energy  per  pound).  Each  of  the  terms  is  designated  as  a  "head," 

i.e.,  EL  ,  is  the  elevation  head,  P/y  is  the  pressure  head  and 
2 

V  /2g'  is  the  velocity  head.  The  sum  of  EL  +  P/y  is  denoted  as  the 

2 

piezometric  or  hydraulic  head  and  the  sum  EL  +  P/y  +  V  /2g'  is  the 
total  or  stagnation  head. 

Whenever  fluid  flow  passes  a  fixed  wall  or  boundary,  fluid 
friction  exists.  Thus,  between  any  two  distinct  points  in  a  pipeline 
there  is  a  frictional  head  loss  AHF  due  to  pipe  resistance  and  valve 
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resistance.  The  calculation  of  frictional  head  loss  will  be  dis¬ 
cussed  in  section  1.1.3. 

A  pump  is  associated  with  a  link  and  adds  pressure  head  to 
each  unit  weight  of  fluid  passing  through  the  pump.  The  pressure 
head  or  head  lift  added  by  a  pump  will  be  denoted  by  XP. 

Figure  1-1  depicts  water  flowing  from  point  1  to  point  2  in 
a  link  with  a  pump  adding  head  in  between  the  two  points.  Ber¬ 
noulli's  equation  for  incompressible  fluid  flow  accounts  for  the 
change  in  energy  level  that  occurs  between  the  two  points: 


2  2 
p  v  p  v 

EL  +  —  +  —  +  XP  -  EL  +  +  AHF 

1  Y  2g  2  y  2g 


(1-2) 


In  pipeline  design  problems  the  velocity  head  is  usually  negligible 
compared  to  the  other  head  components  simplifying  equation  (1-2)  to 


EL.  +  —  +  XP 
1  Y 


EL„  +  —  +  AHF 
2  Y 


0-3) 


1.1.3  Frictional  Head  Loss  Equations 


There  are  several  equations  which  may  be  used  to  evaluate  a 
link's  frictional  head  loss,  i.e.,  the  conversion  of  energy  per  unit 
weight  into  a  nonrecoverable  form  of  energy.  These  equations  are 
categorized  as  either  empirical  or  rational  equations.  The  empirical 


iHgag» 
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frictional  head  loss  equation  for  a  link  has  the  general  form 


AHF 


K  Qn  L 


(1-4) 


where  Q  is  the  link  flow  rate,  D  its  diameter,  L  its  length,  K  a 
constant  which  is  determined  by  the  roughness  of  the  pipe  and  the 
particular  units  of  measurement,  and  n  and  m  are  positive  con¬ 
stants.  The  most  widely  used  empirical  equation  is  the  Hazen- 
Williams  equation  [2] 


AHF  = 


10.471 


,1.852 


oW-852  o4-87 


(1-5) 


where  HW  is  the  Hazen-Wil 1 iams  roughness  coefficient,  flow  Q  is 
given  in  gallons  per  minute  (GPM),  link  length  L  is  given  in  feet, 
and  link  diameter  D  is  given  in  inches.  Empirical  equations  were 
specifically  derived  for  waterworks  practice  and  do  not  take  into 
account  variations  in  gravity,  temperature,  or  type  of  liquid. 

In  contrast  the  newer  rational  equations  were  developed 
analytically  and  verified  by  extensive,  systematic  laboratory  test¬ 
ing.  Unlike  the  empirical  equations  any  consistent  units  of  meas¬ 
urement  and  liquids  of  different  viscosities  and  temperatures  may 
be  used.  The  Oarcy  Weisbach  equation  is  the  most  widely  used 


rational  equation: 


AHF 


r  l  v2 

D  2g' 


(1-6) 


where  f'  is  a  dimensionless  friction  factor.  The  friction  factor 
depends  on  several  factors  including  the  type  of  flow,  i.e., 
laminar,  turbulent,  the  Reynolds  number  (Re),  and  the  relative 
roughness  of  the  pipe  wall  (e'/D).  For  water  flow  in  closed  conduits 
the  Colebrook-White  equation  is  usually  used  to  calculate  V  . 


l.H  -  2  1og1Q 


(1-7) 


In  most  cases  the  rational  equations  cannot  be  solved 
directly  because  of  the  requirement  to  use  iterative  techniques  to 
solve  for  f'  .  Thus,  although  theoretically  more  sound  the  rational 
equations  are  somewhat  more  difficult  to  use  than  the  older  empiri¬ 
cal  equations. 

The  general  form  of  the  empirical  head  loss  equation  (1-4) 
will  be  used  throughout  this  paper.  All  mathematical  models  and 
numerical  examples  presented  in  this  paper  use  the  Hazen-Will iams 
formula  (1-5)  with  units  of  flow  rate  in  gallons  per  minute,  diame¬ 
ter  in  inches,  and  link  length  and  head  loss  in  feet. 
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1.1.4  Steady  State  Flow  Conditions 

To  properly  design  a  water  distribution  system  it  is  neces¬ 
sary  to  study  its  behavior  under  steady  state  flow  conditions,  i.e., 
where  flow  does  not  change  over  time.  The  laws  of  conservation  of 
flow  and  energy  characterize  steady  state  conditions. 

Conservation  of  flow  requires  that  the  flow  rate  entering  a 
node  must  equal  the  flow  rate  leaving  a  node.  For  each  node  i 
this  requirement  can  be  expressed  mathematically  as 

Qk  -  L,  «k  =  b  0-8) 

ke  T.  k  1 
1 

i  =  1,  ...  ,  NNODE 

where  Q,  is  the  flow  rate  on  link  k  ,  0.  is  the  set  of  links  with 
k  i 

flows  leaving  node  i,  T.  the  set  of  links  with  flows  entering  node 
i,  b.  the  external  flow  at  node  i,  and  NNODE  the  number  of  nodes  in 
the  network.  External  flow  b.  is  positive  if  it  enters  a  node 
(source  node)  and  negative  if  it  leaves  a  node  (demand  node).  The 
seven  conservation  of  flow  equations  for  the  network  in  Figure  1-2 


are  written  below. 
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5000 

-q,  .y(, 

= 

-450 

-°2  *  Q7 

= 

-450 

-q3  *  o4  ♦  q5 

= 

-600 

-Q4  -07  *  Og 

= 

-1200 

-QS  ♦  q6 

= 

-1450 

-q6  -Q8 

= 

-850 

Any  one  of  the  equations  in  the  linear  system  of  equations  (1-8)  may 
be  deleted  as  redundant  leaving  NNODE  -  1  equations  in  NLINK  unknown 
link  flows. 

For  an  arbitrary  network  of  NLINK  links  and  NNODE  nodes 
there  are 

NLOOP  =  NLINK  -  NNODE  +  1  (1-10) 

non-overlapping  loops  in  the  network  [3].  For  a  tree  network 
NLOOP  =  0  and  NLINK  =  NNODE  -  1  [3].  Thus,  for  a  tree  network  the 
number  of  independent  nodal  equations  is  equal  to  the  number  of 
unknown  link  flows  and  the  system  (1-8)  can  be  solved  directly 
for  Qk  . 

Conservation  of  energy  requires  that  the  net  frictional  head 
losses  around  any  loop  equal  zero.  For  a  network  with  NLOOP  loops 
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we  have  the  system  of  NL00P  equations 


2  !  “Fk  =  0 

ke  LOOP.  (1-11) 

i  =  1,  ...  ,  NLOOP 


where  LOOP,  is  the  set  of  links  in  loop  i  and  AHF,  is  the  fric- 
i  k 

tional  head  loss  on  link  k.  Using  the  general  empirical  frictional 
head  loss  relationship  (1-4)  results  in 


£ 

kc  LOOP 


0 

0-12) 

1,  ...  ,  NLOOP 


where  Qk  is  the  flow  rate  on  link  k  ,  Lk  its  length,  Dk  its 
diameter,  and  Kk  a  constant  which  depends  on  the  link's  roughness 
coefficient  (HWk  for  the  Hazen-Will iams  equation)  and  the  particu¬ 
lar  empirical  equation  and  units  of  measurement  chosen.  The  sign 
of  each  head  loss  term  in  (1-12)  depends  on  the  direction  of  flow 
in  the  link  with  respect  to  the  direction  (clockwise  or  counter¬ 
clockwise)  that  the  loop  is  traversed  in  writing  the  equation.  The 
two  loop  equations  for  Figure  1-2  are  written  below.  Both  loops 
are  traversed  in  a  clockwise  direction.  Each  link  is  assumed  to 
have  a  pipe  of  a  single  diameter  Dk  . 
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LOOP  I 


■<2  Q,  L. 


k3  0;  1-3 

„m 


K4  Q4  L4 

„m 


*7  Q7  4 


=  0 


■K  Q"  L 
4  4  4 


hAh. 


K6  Q6  L6 


LOOP  II 


-«8  Q8  4 


=  0 


0-13) 


Combining  the  set  of  NNODE  -  1  linear  equations  of  (1-8) 
and  the  NLOOP  =  NLINK  -  NNODE  +  1  nonlinear  equations  of  (1-12) 
results  in  a  system  of  NLINK  equations  in  as  many  unknowns.  The 
unique  flow  solution  to  this  nonlinear  system  of  equations  charac¬ 
terizes  steady  state  flow  in  the  network. 

1 .2  Steady  State  Network  Analysis 

Because  of  the  fundamental  importance  of  balancing  the  net¬ 
work,  i.e.,  finding  steady  state  flow  conditions,  in  any  distribution 
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system  analysis  or  optimization  model,  a  great  deal  of  research  has 
been  devoted  to  finding  efficient  techniques  to  solve  this  problem. 
The  two  most  widely  used  methods  for  network  balancing,  the  Hardy 
Cross  and  the  Newton-Rhapson  methods,  will  be  treated  in  detail. 

This  section  will  conclude  with  a  summary  of  the  major  features  of 
alternative  balancing  methods. 

1.2.1  Hardy  Cross  Method 

The  Hardy  Cross  method  [4]  (1936)  is  the  oldest  and  most 
widely  used  method  for  pipe  network  analysis.  This  method  is  an 
iterative  scheme  originally  developed  for  hand  computation.  With 
the  advent  of  the  digital  computer  it  was  used  as  the  basis  for 
numerous  programs  (Hoag  and  Weinberg  (1957)  [5],  Graves  and  Brans- 
come  (1958)  [6],  Adams  (1961)  [7],  Bellamy  (1965)  [8],  and  Dilling¬ 
ham  (1967)  [9]). 

To  satisfy  steady  state  conditions  both  the  system  of  nodal 
conservation  of  flow  equations  (1-8)  and  the  system  of  conservation 
of  energy  loop  equations  (1-12)  must  be  satisfied.  By  appropriate 
choice  of  unknowns,  the  Hardy  Cross  method  can  be  applied  to  solv¬ 
ing  either  nonlinear  system  of  equations,  (1-8)  or  (1-12),  where 
the  remaining  system  is  linear  and  is  automatically  satisfied  at  all 
times.  However,  before  discussing  the  specific  application  of  the 


Hardy  Cross  method  to  the  nodal  or  loop  equations,  we  will  discuss 
its  use  in  solving  a  general  system  of  nonlinear  equations. 

In  general,  given  a  system  of  N  simultaneous  nonlinear 
equations 


h.  (x)  =  0 


(1-14) 


where  x  =  (x.  ,...,x„)  is  a  vector  of  unknowns,  the  Hardy  Cross 

1  N 

method  attempts  to  solve  the  system  of  equations  by  making  correc- 

-'k  k  k 

tions  to  one  equation  at  a  time.  Let  x  =  (x. .  xl  be  the 

1  N 

value  of  the  unknowns  at  iteration  k  .  If  h.  (x  )  =  0  for  all  i  , 
^k 

then  x  is  the  solution.  Otherwise,  we  seek  corrections  to  the 

^k  k  k  ^k 

unknowns,  ax  =  (ax^  ,...,  Ax^)  such  that  |h.  (x  +  Ax  ) |  < 

~k 

!  h_.  (x  )|.  Using  a  Taylor  series  expansion  of  equation  i  about 
^k 

the  current  point  x  but  only  perturbing  a  single  variable  x.  , 

<3 

k 

i.e.,  Ax  =  (0,  . . . ,  Ax  .  ,  0,  . . . ) ,  we  obtain 

J 


,  ,~k  .^kv 

h.  (x  +  Ax  ) 


N  <*k>  *  ^  V1 

J 


1  k  2  ^  ) 

+  h  (Av  — —  + 

C'  J  3  x 

J 


0-15) 


C  A! 


14 


where  3^  h.  (xk)  /  3  x2,  is  the  £th 
i  J 

^  k 

with  respect  to  x.  evaluated  at  x  . 


partial  derivative  of  h. 
Retaining  only  the  first  two 


terms  of  the  expansion  (1-15),  setting  the  right  hand  side  equal  to 


zero,  and  solving  for  the  correction  term  gives  us 


-  h.  (xk) 

3  h .  (xk) 

3  x . 

J 


(1-16) 


The  above  algorithm  continues  until  the  convergence  criteria  are 

^  k 

satisfied,  e.g.,  |h_.  (x  )|<  for  i  =  i,  ....  N  or 

k 

j  A  Xj  j  <  Cj  f°r  j  =  1 ,  .  •  • ,  N,  Ei ,  >  0. 

To  solve  the  nonlinear  system  of  loop  equations  (1-12)  first 
an  initial  flow  distribution  is  chosen  that  satisfies  the  nodal  con¬ 
servation  of  flow  equations  (1-8).  For  the  resulting  loop  equations 
we  have 
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The  value  of  h.  at  the  current  flow  distribution  is  the  head 
imbalance  on  loop  i.  The  correction  term  is  A Q  ,  the  flow  change 
on  loop  (equation)  i.  AQ.  is  applied  to  every  link  in  the  loop, 
i.e.,  je  LOOP.,  according  to  the  link's  flow  direction.  If  AQ.  >  0, 
the  flow  increases  by  |  A  Q..  |  in  those  links  with  plus  signs  in  loop 
equation  i  and  decreases  by  |  AQ..  |  in  those  links  with  minus 
signs.  If  AQ.  <  0  ,  the  direction  of  link  flow  change  is  reversed. 
To  compute  AQ.  we  compute 


3  h. 

_ i 

3A  Q. 


je  LOOP. 

i 


n  K.  Qn_1 

_ J_J_ 

„m 


L. 

-1 


(1-18) 


and  substitute  (1-17)  and  (1-18)  into  (1-16)  to  obtain 


or 


(1-19) 


(1-20) 


.in.  uiu.  i  ijmura" 


} 

J 


I 


It  is  common  in  the  Hardy  Cross  method  to  apply  only  one 


iterative  correction  to  each  equation  before  proceeding  to  the  next 
equation.  The  algorithm  terminates  when  either  |  h.  |  <  or 
|  A  Q  1  <  for  all  loops  where  >  0.  A  detailed  state¬ 

ment  of  the  Hardy  Cross  loop  method  and  its  application  to  a  two- 
loop  network  is  presented  in  Appendix  A. 

Alternatively,  the  Hardy  Cross  method  may  be  applied  to  the 
nodal  conservation  of  flow  equations  (1-8).  Applying  the  empirical 
head  loss  equation  (1-4)  to  link  k  and  solving  for  we  have 


°k  A  HFk 


1 

n 


(1-21) 


Substituting  (1-21)  into  (1-8)  results  in  the  following  nonlinear 
system  of  equations 


Heads  at  all  nodes  (except  fixed  head  nodes)  are  arbitrarily 
initialized  thus  automatically  satisfying  the  conservation  of  energy 


loop  equations  (1-12).  The  link  head  losses  A  HF^  are  computed  by 
subtracting  the  nodal  heads  at  the  end  of  the  link.  The  direction 
of  link  flow  is  from  the  node  with  the  higher  head  to  the  node  with 
the  lower  head.  The  magnitude  of  the  flow  rate  Qk  is  computed 
using  equation  (1-21).  However,  now  nodal  conservation  of  flow 
equations  (1-8)  may  be  violated.  Similar  to  the  loop  method,  nodal 
head  corrections  are  applied  in  such  a  manner  as  to  satisfy  nodal 
conservation  of  flow  equations  using  the  correction  term 


A  H. 
1 


E  Qk  -  E  0k  -  b 

keO.  K  keT.  k  1 

i  i 


z 


ke  0.  U  T. 

1  i 


n  A  HF, 


(1-23) 


i  =  i,  ....  NNODE  -  1 

where  A  H.  is  the  head  change  at  node  i.  Early  implementations  of 
the  Hardy  Cross  method  used  the  loop  method  ([5],  [6])  while  later 
work  ([7],  [8])  tended  to  use  the  node  method  principally  because 
of  the  relative  ease  in  specifying  the  input  data.  For  large  and 
complex  networks  the  Hardy  Cross  method  frequently  converges  very 
slowly  if  at  all . 


1.2.2  Newton-Rhapson  Method 

The  Newton-Rhapson  method,  also  referred  to  as  Newton's 
method,  differs  from  the  Hardy  Cross  method  in  that  it  computes  cor¬ 
rections  to  all  unknowns  simultaneously  rather  than  individually  and 
therefore  uses  either  the  entire  system  of  nodal  (1-8)  or  loop 
(1-12)  equations  at  once. 

Given  the  system  of  simultaneous  nonlinear  equations  (1-14) 
and  a  current  point  x^  t  each  equation  is  expanded  in  a  Taylor 
series  about  x  allowing  all  unknowns  to  be  perturbed  simultane¬ 
ously.  Retaining  only  first  order  terms  in  the  expansion  and  set¬ 
ting  each  equation  to  zero  results  in  the  linear  system  of  equations 
at  iteration  k 

.  N  9  h  (xk) 

h  (x  )  +  Y,  -  4x  =  0  (1-24) 

1  j=l  3  Xj  J 

i  =  1,  ....  N 

The  vector  of  corrections  Axk  is  the  solution  of  the 
simultaneous  system  of  linear  equations 

JACk  A  xk  =  -  h  (xk) 

k 

where  JAC  is  the  Jacobian  matrix 


(1-25) 


I 

-  I 

I 

19 


(1-26) 

^  k  /\  k  /v  k 

evaluated  at  the  current  point  x  and  h  (x  )  =  (h^  (x  ),  .  .  . , 

A  k 

h^  (x  )).  The  new  values  of  all  the  unknowns  can  be  computed 
immediately 

k+l  k  k 

x.  =  x.  +  A  x.  (1-27) 

J  J  J 

j  -  1,  ....  N 

The  above  algorithm  continues  until  the  selected  convergence  cri¬ 
teria  are  satisfied. 

Martin  and  Peters  [10]  in  1963  first  applied  the  Newton- 
Rhapson  method  to  the  network  analysis  problem.  Since  then  several 
researchers  have  refined  its  application  to  network  analysis  and 
incorporated  it  as  part  of  optimization  models  (Shamir  [11]  (1964), 

Shamir  and  Howard  [12]  (1968),  Epp  and  Fowler  [13]  (1970),  Zarghamee 

[14]  (1971),  Lemieux  [15]  (1972),  and  Donachie  [16]  (1973)).  In  J 

general,  the  Newton-Rhapson  method  is  superior  to  the  Hardy  Cross 

* 

& 
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method  assuming  that  the  necessary  matrix  storage  is  available. 
However,  because  of  the  nonconvexity  of  the  system  of  loop  and 
nodal  equations,  for  a  general  starting  point,  the  inverse  Jacobian 
may  not  be  positive  definite  or  may  not  even  exist.  Thus,  a  poor 
initial  solution  may  not  yield  a  direction  of  descent  and  the  algo¬ 
rithm  may  not  converge  (Luenberger  [17]). 


1.2.3  Alternative  Methods 

Wood  and  Charles  (1972)  [18]  developed  a  linear  theory 
method  for  solving  the  network  analysis  problem.  Linear  theory 
transforms  the  NL00P  nonlinear  loop  equations  into  linear  equations 
by  approximating  the  head  loss  in  each  link  by 


A  HF, 
k 


4  w*’"' 


■,m 


(1-28) 


where  is  an  initial  estimate  of  the  flow  rate  in  each  link  and 
Qk  is  unknown.  The  NLOOP  linearized  equations  are  then  combined 
with  the  NNODE  -  1  nodal  equations  to  form  a  linear  system  of  NLINK 
equations  in  as  many  unknowns.  The  solution  of  the  system  of  linear 
equations  provides  flow  estimates  for  the  next  iteration.  In  prac¬ 
tice,  initial  flows  are  automatically  set  to  1  flow  unit.  The 
authors  claim  convergence  in  a  relatively  small  number  of  iterations. 
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In  a  similar  manner,  Collins  and  Johnson  (1975)  [19]  applied 
the  finite  element  method  to  the  network  balancing  problem.  Using 
one  dimensional  finite  element  analysis,  a  system  of  linear  equa¬ 
tions  was  derived.  Iterative  solution  of  the  resulting  system 
balances  the  network. 

Kesavan  and  Chandrashekar  (1972)  [20]  developed  a  graph- 
theoretic  model  for  network  analysis.  Unlike  previous  approaches 
which  automatically  satisfy  either  conservation  of  flow  (1-8)  or 
conservation  of  energy  equations  (1-12),  the  graph-theoretic  model 
directly  utilizes  both  sets  of  constraints.  The  main  advantage  of 
this  approach  is  that  the  formulation  procedure  is  independent  of 
the  numerical  technique  used  to  solve  the  resulting  set  of  nonlinear 
equations. 

Collins,  Cooper,  and  Kennington  (1976)  [21]  show  that  the 
pipe  network  analysis  problem  is  mathematically  equivalent  to  a  non¬ 
linear  optimization  model.  The  nonlinear  functions  are  replaced 
with  piece-wise  linear  functions.  The  resulting  model  is  a  linear 
network  flow  problem  for  which  excellent  solution  techniques  exist. 
This  method  makes  solution  of  quite  large  network  analysis  problems 
possible. 
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1 . 3  Distribution  System  Layout  Models 

The  first  major  task  in  water  distribution  system  design 
involves  determining  the  layout  of  the  major  links  in  the  network. 
Although  restricted  somewhat  by  the  requirement  to  use  public 
rights-of-way  and  private  easements,  there  remains  considerable 
flexibility  in  selecting  the  links  to  connect  the  source  nodes  to 
major  nodal  concentrations  of  demand  [22],  In  contrast  to  recent 
work  in  sewer  system  design  and  layout  (see  Mays  et  al .  (1976)  [23]) 
existing  methods  ([24],  [25],  [26],  [27])  of  selecting  the  network 
configuration  generally  make  no  real  attempt  to  explicitly  generate 
and  evaluate  alternative  network  configurations  in  terms  of  their 
ultimate  impact  on  total  system  cost  and  on  reliability  of  water 
service.  Existing  methods  provide  little  guidance  to  the  design 
engineer  in  selecting  links  other  than  on  the  proper  use  of  contour 
maps,  the  benefits  of  looped  vs  tree-shaped  systems,  and  the  impor¬ 
tance  of  proper  location  of  elevated  storage  reservoirs.  Although 
the  cost  of  pipes  account  for  well  over  half  of  the  total  distribu¬ 
tion  system  cost  [28],  the  water  distribution  system  engineer  must 
rely  on  an  assortment  of  rules  of  thumb  in  selt^ing  the  network 
layout  that  must  serve  as  the  foundation  for  his  detailed  design 


effort. 
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1 .4  Optimization  Models  for  Distribution  System  Design 

A  number  of  water  distribution  design  optimization  models 
have  been  developed  to  assist  the  water  engineer.  Given  a  specific 
set  of  links  in  the  network  layout,  the  optimization  models  deter¬ 
mine  pipe  diameters,  pump  capacities,  heights  of  elevated  reser¬ 
voirs,  valve  locations  and  other  design  parameters  subject  to  satis¬ 
fying  steady  state  flow  conditions  and  various  bounds  placed  on  pipe 
diameters,  flow  rates,  and  nodal  heads.  The  objective  function  of 
these  models  focuses  exclusively  on  monetary  cost  including  acquisi¬ 
tion,  operation,  and  maintenance  costs.  Important  capabilities  of 
the  models  include  the  type  of  system  analyzed  (branched  and/or 
looped),  the  number  of  sources  allowed  (single  or  multiple),  the 
number  of  loading  (demand)  design  conditions  handled.  Solution 
techniques  range  from  linear  programming  to  sophisticated  nonlinear 
optimization  techniques. 

The  first  significant  optimization  model  was  developed  by 
Shamir  [11]  in  1964.  The  decision  variables  were  pipe  diameters. 

The  objective  function  considered  a  single  loading  (demand)  condi¬ 
tion  and  was  related  to  the  energy  loss  in  flow  through  all  the 
pipes.  The  steady  state  hydraulic  solution  was  obtained  by  the 
Newton-Rhapson  method  with  the  Jacobian  of  the  solution  used  to 
compute  the  components  of  the  gradient. 
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Pitchai  [29]  in  1966  used  a  random  sampling  technique  to 
search  for  the  optimal  diameters  of  a  pipe  network  operating  under  a 
number  of  loadings.  The  objective  function  contained  the  initial 
and  operating  costs.  Constraints  on  heads  were  taken  into  consider¬ 
ation  by  adding  penalties  on  constraint  violation  to  the  objective 
function  to  be  minimized. 

Jacoby  [30]  in  1968  used  a  numerical  gradient  technique  to 
treat  the  same  problem.  Diameters  were  handled  as  continuous  vari¬ 
ables  and  the  values  obtained  in  the  unconstrained  optimization  were 
rounded  to  the  nearest  commercially  available  size.  This  rounding 
could  cause  the  selected  design  to  be  infeasible.  The  objective 
function  to  be  minimized  was  the  combined  cost  of  pumps  and  pipe¬ 
lines,  and  penalties  for  violation  of  loop  and  nodal  equations. 

Karmeli  et  al .  [31]  in  1968  handled  the  design  of  branching 
networks.  Unlike  the  looped  network,  the  steady  state  flow  condi¬ 
tions  can  be  computed  directly  once  supply  and  demand  at  each  node 
are  given.  Since  the  frictional  head  loss  on  a  pipe  and  its  cost 
are  linear  functions  of  its  length,  by  selecting  the  pipe  lengths 
as  the  decision  variables,  Karmeli  et  al.  formulated  a  linear  pro¬ 
gramming  model.  Like  previous  researchers,  the  model  only  consid¬ 
ered  the  initial  cost  in  the  objective  function. 
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Lai  [32]  in  1970  developed  a  dynamic  programming  model  to 
handle  water  distribution  system  capacity  expansion.  However,  his 
analysis  was  limited  to  tree  shaped  networks  only. 

Deb  and  Sarkar  [33]  present  a  method  based  on  the  equiva¬ 
lent  pipe  diameter  concept  which  allows  a  pipe  with  a  single  diame¬ 
ter  to  replace  a  set  of  series  or  parallel  pipes.  The  diameter  of 
the  new  pipe  can  be  chosen  to  provide  the  equivalent  frictional  head 
loss  as  the  set  of  pipes  it  replaces.  The  authors  handled  only  a 
single  source  network  requiring  nodal  heads  to  be  specified  in 
advance.  Costs  of  pipe,  pumping,  and  the  storage  reservoir  are 
included. 

Kolhaas  and  Mattern  [34]  in  1971  used  separable  programming 
to  determine  not  only  the  optimal  diameters  but  also  the  pumps  and 
reservoirs  for  a  looped  system  with  all  heads  known.  With  heads 
given  the  constraints  become  linear  if  flows  are  decision  variables. 
Diameters  can  be  computed  directly  from  the  Hazen-Will iams  equation 
with  heads  and  flows  fixed.  The  nonlinear  objective  function  con¬ 
tained  the  cost  of  pipes,  pumps,  and  reservoirs. 

Kally  [35]  in  1972  extended  the  method  of  using  pipe  lengths 
as  the  decision  variable  to  looped  networks.  To  find  the  network 
flow  solution  involved  iteratively  changing  the  decision  variables, 
approximating  the  resulting  change  in  head  pressures,  and  solving 
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the  new  linear  program  until  convergence  is  achieved.  The  objective 
function  only  considered  the  initial  cost  of  the  pipe. 

Cembrowicz  and  Harrington  [36]  in  1973  minimized  the  initial 
pipe  cost  of  a  network  subject  to  a  single  loading.  Using  graph 
theory,  the  problem  was  decomposed  so  that  the  nonconvex  total 
objective  function  is  separated  into  subsets  of  convex  functions. 
Each  function,  which  relates  to  either  a  pipe  or  a  loop,  is  mini¬ 
mized  separately  using  the  method  of  feasible  directions  [37].  Con¬ 
tinuous  pipe  diameters  are  assumed. 

Swamee,  Kumar  and  Khanna  [38]  in  1973  handle  the  problem  of 
minimizing  the  cost  of  a  single  source  tree  distribution  system. 
Using  dynamic  programming,  the  authors  developed  a  closed  form  solu¬ 
tion  with  an  objective  function  covering  pipe,  pump,  and  elevated 
reservoir  capital  and  maintenance  cost  plus  pumping  energy  costs. 

Lam  [39]  in  1973  developed  a  discrete  gradient  optimization 
technique  for  a  water  distribution  system  consisting  only  of  a 
single  source,  pipes,  and  demands.  Pipe  diameters  were  treated  as 
discrete  variables.  This  technique  avoids  the  rounding  of  a  con¬ 
tinuous  diameter  variable  to  the  nearest  commercially  available 
size. 

Watanatada  [40]  in  1973  developed  an  optimization  technique 
for  multiple  source  networks  and  applied  it  to  real  networks  of 
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moderate  size.  The  constrained  nonlinear  optimization  problem  was 
converted  to  an  unconstrained  optimization  problem  by  incorporating 
the  constraints  into  the  objective  function  with  appropriate  penalty 
terms.  Minimization  of  the  resulting  function  was  performed  using 
the  variable  metric  [41]  and  conjugate  gradient  [42]  methods. 

Shamir  [43]  in  1974  extended  his  earlier  work  by  developing 
a  methodology  for  handling  both  the  optimal  design  and  operation  of 
a  water  distribution  system  under  one  or  several  loading  conditions. 
Optimization  was  obtained  by  a  combination  of  the  generalized 
reduced  gradient  (GRG)  and  penalty  methods.  The  objective  function 
included  initial  cost  of  the  design  and  cost  of  operation.  The 
author  claims  that  physical  measures  of  performance  and  penalties 
for  violating  constraints  may  be  incorporated  into  the  objective 
function  but  offers  little  guidance  on  properly  defining  these  meas¬ 
ures  of  performance. 

Delfino  [44]  in  1975  formulated  a  nonlinear  programming 
model  to  minimize  the  cost  of  pipe  and  pumping  fora  looped  network 
using  continuous  pipe  diameters.  He  used  the  generalized  reduced 
gradient  (GRG)  method  to  solve  the  problem. 

Deb  [45]  in  1976  considered  a  distribution  network  with  the 
decision  variable  as  the  size  of  pipes,  pressure  surface  over  the 
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network,  height  and  location  of  the  elevated  service  reservoir,  and 
capacity  of  the  pumping  station.  A  gradient-like  technique  is  used 
to  perform  the  optimization.  The  objective  function  encompassed 
the  initial  cost  of  pipes,  pumps,  and  elevated  storage  reservoir; 
operation  costs;  and  maintenance  costs. 

Alperovits  and  Shamir  [46]  in  1977  employed  a  method  called 
the  linear  programming  gradient  (LPG)  method  in  optimizing  a  dis¬ 
tribution  system  including  pipes,  pumps,  valves,  and  reservoirs. 
Decision  variables  have  been  expanded  to  include  reservoir  eleva¬ 
tions  and  operational  parameters  such  as  the  pumps  to  be  operated 
under  each  of  the  loading  conditions.  The  objective  function 
included  overall  capital  costs. 

Cenedese  and  Mele  [47]  in  1978  minimize  the  capital  cost  of 
pipe  for  looped  networks  by  incorporating  the  constraints  into  the 
objective  function  with  a  change  of  variable  and  by  the  addition  of 
a  penalty  term.  The  decision  variables  for  the  modified  objective 
function  are  the  loop  flows.  Loop  flows  and  nodal  heads  are  alter¬ 
nately  changed  using  a  direct  search  technique  until  a  local  mini¬ 
mum  is  reached. 

Deb  [48]  in  1978  developed  a  simple  mathematical  model  for 
a  single  source  pumping  system.  Including  the  cost  of  pumps,  pipes, 
operation  and  maintenance,  and  energy,  he  formulated  an  equation 
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for  the  total  system  cost  as  a  function  of  pipe  diameter  (all  pipes 
are  assumed  to  have  the  same  diameter).  Differentiating  the  objec¬ 
tive  function  with  respect  to  pipe  diameter  and  setting  the  exprec- 
sion  to  zero,  a  closed  form  solution  for  the  single  optimal  diametc 
is  derived  for  this  special  case. 

Bhave  [49]  in  1973  developed  a  manual  iterative  approach  for 
minimizing  the  cost  of  a  single  source  distribution  system.  The 
heads  at  the  demand  nodes  are  treated  as  independent  variables  and 
iteratively  changed  until  convergence  to  an  optimal  solution  occurs. 
Diameters  are  continuous  rather  than  discrete  variables. 

1 . 5  Reliability/Performance  Models 

The  previous  section  reflects  the  great  amount  of  research 
devoted  to  minimum  cost  design  of  water  distribution  systems.  The 
emphasis  has  been  placed  on  designing  the  system  to  function  under 
normal  loading  conditions,  e.g.,  peak  hour  demand,  maximum  daily 
demand,  etc.  This  section  reviews  the  work  done  on  abnormal  or 
emergency  loading  conditions  such  as  fire  demand,  pump  failure,  and 
broken  link  loading  conditions. 

In  1970  de  Neufville  et  al .  [50]  described  their  systems 
analysis  on  the  design  of  proposed  additions  to  the  primary  supply 
network  of  New  York  City.  The  authors  examined  four  primary 


measures  of  water  distribution  system  design:  (1)  overall  perform¬ 
ance;  (2)  fail-safe  reliability;  (3)  distribution  of  performance; 
and  (4)  cost. 

These  measures  were  used  to  evaluate  the  desirability  of 
manually  generated  major  design  al ternatives.  The  authors  recog¬ 
nized  the  shortcomings  of  available  optimization  methods  and  their 
simplistic  co^t  oriented  objective  functions,  stating  that  "avail¬ 
able  optimization  methods  do  not  reflect  the  several  criteria  where¬ 
by  distribution  networks  are  usually  evaluated."  They  further  con¬ 
cluded  that  "mathematical  techniques  do  not  now  consider  all  the 
relevant  factors  of  quality,  reliability,  and  distribution  of  the 
benefits."  Most  significant  was  their  effort  to  quantitatively 
evaluate  water  distribution  system  performance  (nodal  head  values) 
under  realistic  emergency  loading  conditions  and  to  examine  the 
cost/benefit  trade-offs  associated  with  designing  this  performance 
into  the  system. 

Darnel  in,  Shamir,  and  Arad  [51]  in  1972  developed  a  simula¬ 
tion  model  to  evaluate  the  reliability  of  supplying  a  known  demand 
pattern  in  a  given  water  supply  system  in  which  shortfalls  are 
caused  by  random  pump  failures.  An  economic  model  is  developed  that 
allows  the  user  to  evaluate  the  benefits  (additional  water  obtained) 
vs  the  cost  of  making  specific  improvements  in  the  reliability  of 
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the  system.  The  researchers  strongly  emphasize  the  difficulty  of 
evaluating  water  distribution  system  reliability  as  follows: 

Reliability  has  an  economic  value.  Perfect  reliability  is 
not  necessarily  the  best  economic  solution  as  already  has  been 
mentioned.  To  be  able  to  compute  the  penalty  due  to  imperfect 
reliability,  one  has  to  assign  an  economic  loss  function  to 
shortfalls  according  to  their  magnitude  and  the  time  at  which 
they  occur.  We  consider  this  assignment  of  economic  loss 
function  to  be  impossible,  at  least  for  the  moment,  since  the 
actual  value  of  water  as  a  resource  used  by  some  production 
system,  say  agriculture,  has  not  been  defined  to  everyone's 
satisfaction. 

Rao  et  al.  [52]  developed  a  simulation  model  to  evaluate  the 
performance  of  an  existing  water  distribution  system  under  a  variety 
of  loading  conditions  including  both  normal  and  emergency  conditions. 
The  behavior  of  the  system  was  examined  over  a  24-48  hour  period. 
Emphasis  was  placed  on  the  detailed  operation  and  control  of  the 
system  including  the  level  of  the  storage  reservoirs. 

Several  researchers  have  discussed  the  need  for  research 
into  developing  explicit  measures  of  water  distribution  reliability 
and  performance  under  emergency  loading  conditions.  Kolhaas  and 
Mattern  [34]  claim  to  handle  the  requirement  for  reliability  of 
supply  to  each  demand  node  in  a  looped  network  by  simply  imposing 
non-zero  lower  bounds  on  minimum  pipe  diameters.  Watanatada  [40] 
discusses  the  need  to  explicitly  incorporate  measures  of  reliabil¬ 
ity  into  an  optimization  model  to  predict  the  way  the  system  will 


perform  under  emergency  loading  conditions.  He  identifies  the  need 
for  future  research  into  a  model  in  which  various  failure  condi¬ 


tions  are  contained  explicitly.  Shamir  [43]  proposes  the  maximi¬ 
zation  of  weighted  nodal  heads  as  a  potential  measure  of  system 
reliability.  Delfino  [44]  formulates  a  combined  minimum  cost  lay¬ 
out  and  detailed  design  problem  for  a  network  requiring  two  alter¬ 
nate  paths  from  the  source  to  each  demand  node.  However,  the  author 
only  examines  possible  solution  approaches  and  leaves  the  problem 
as  a  subject  for  future  research.  Shamir  and  Alperovits  [46]  con¬ 
clude  that  there  is  a  need  for  additional  distribution  system  per¬ 
formance  criteria  (other  than  cost)  in  the  objective  function  and 
that  a  more  basic  definition  of  reliability  of  the  network  should 
be  developed  instead  of  setting  arbitrary  constraints  on  minimal 
pipe  diameters. 

1 .6  Summary 

A  review  of  the  literature  indicates  that  considerable 
research  has  been  done  and  numerous  models  have  been  developed  and 
solved  in  the  areas  of  steady  state  network  analysis  and  minimum 
cost  optimization  for  a  given  network  layout.  However,  there  is 
almost  a  complete  absence  of  engineering  design  tools  for  the  criti¬ 
cal  network  layout  problem.  Likewise,  very  little  work  has  been 


performed  on  developing  basic  measures  of  rel iabil ity/performance 
for  water  distribution  systems  under  expected  emergency  loading  con¬ 
ditions  such  as  fire  demand,  link  failure,  and  pump/power  outage. 
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CHAPTER  2 

STATEMENT  OF  THE  PROBLEM/SOLUTION  APPROACH 

2.1  Introduction 

A  review  of  the  literature  revealed  two  specific  areas  in 
the  design  of  water  distribution  systems  that  merited  further 
research  effort: 

1.  Optimal  network  layout. 

2.  Reliability/performance  of  the  distribution  system  under 
emergency  loading  conditions. 

Moreover,  there  appears  to  be  a  need  to  develop  a  comprehensive, 
unified  methodology  for  the  total  water  distribution  design  process. 
Such  a  methodology  would  be  applicable  not  only  to  the  design  of  a 
new  system  but  also  provide  a  framework  for  the  capacity  expansion 
of  an  existing  system. 

This  chapter  presents  a  verbal  statement  of  the  problem, 
examines  the  potential  solution  approaches  that  were  considered 
during  the  process  of  the  research,  and  outlines  the  three-level 
hierarchical  approach  that  resulted.  Emphasis  will  be  placed  on 
analyzing  important  conceptual  aspects  of  the  problem  and  its 
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solution  rather  than  detailed  discussion  about  specific  mathematical 
models  and  solution  algorithms.  Our  purpose  here  is  to  lay  a  solid 
conceptual  foundation  for  the  detailed  description  of  the  solution 
technique  presented  in  Chapters  3,  4,  and  5. 

2.2  Verbal  Statement  of  the  Problem 

The  following  is  a  verbal  statement  of  the  problem  presented 
in  the  format  of  a  mathematical  programming  problem: 

GIVEN: 

1.  Set  of  source  nodes  and  associated  flow  capacities. 

2.  Set  of  demand  nodes. 

3.  Set  of  potential  links  and  any  unusual  (high  excavation/ 
right  of  way)  extra  costs  for  pipe  installation. 

4.  Set  of  normal  loading  (demand)  conditions. 

5.  Set  of  emergency  loading  conditions. 

6.  Set  of  potential  pump  locations,  maximum  capacities, 
and  costs. 

7.  Set  of  elevated  storage  reservoirs,  maximum  elevations, 
and  costs  to  elevate. 

8.  Set  of  commercially  available  pipe  diameters  and  costs. 
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Minimum  performance  levels  for  normal  loading  conditions. 

10.  Maximum  annual  capital  and  operating  budget. 

FIND: 

1.  Layout  of  network  links. 

2.  Link  diameters. 

3.  Pump  capacities. 

4.  Additional  height  for  elevated  storage  reservoirs. 

IN  ORDER  TO: 

Maximize  the  distribution  system  performance  under  emergency 
loading  conditions. 

SUBJECT  TO: 

1.  Satisfying  steady  state  flow  conditions. 

2.  Satisfying  minimum  performance  levels  under  normal  loading 
conditions. 

3.  Not  exceeding  the  maximum  annual  budget. 

4.  Not  exceeding  maximum  storage  heights. 

Not  exceeding  maximum  pump  capacities. 


5. 


37 


The  statement  of  the  problem  is  intended  to  reflect  the 
general  situation  encountered  by  the  water  distribution  system 
design  engineer  during  the  reconnaissance  stage  of  the  design 
process  for  a  new  system,  i.e.,  selection  of  major  system  compo¬ 
nents.  The  general  nature  of  the  problem  statement  allows  it  to 
subsume  important  special  cases  such  as  capacity  expansion  of  or 
extensive  modification  to  an  existing  system.  Further,  it  is 
important  to  note  that  this  problem  involves  design  of  both  the 
network  layout  and  major  system  components  rather  than  assuming 
a  given  layout.  Also,  by  incorporating  reliability  directly  into 
the  objective  function,  the  problem  statement  explicitly  addresses 
the  evaluation  of  water  distribution  system  performance  under  emer¬ 
gency  loading  conditions. 

2.3  Water  Distribution  System  Reliability 

As  revealed  by  the  literature  survey,  there  is  no  accepted 
definition  or  measure  of  reliability  for  water  distribution  systems 
although  researchers  often  use  the  term.  In  the  literature  of  sys¬ 
tems  analysis  reliability  is  usually  defined  as  the  probability  that 
a  system  performs  its  mission  within  specified  limits  for  a  given 
period  of  time  in  a  specified  environment  [53].  To  analytically 
compute  the  mathematical  reliability  for  a  large  system  with  many 
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interactive  subsystems  requires  knowledge  of  the  precise  reliabil¬ 
ities  of  the  basic  subsystems  and  the  impact  on  mission  accomplish¬ 
ment  due  to  the  set  of  all  possible  subsystem  failures.  Except 
perhaps  for  the  pumping  subsystem  there  is  little  data  available 
on  the  mathematical  reliability  of  water  distribution  subsystems 
[54].  Thus,  in  analyzing  water  distribution  systems  conventional 
mathematical  reliability  measures  appear  inappropriate. 

The  mission  of  a  water  distribution  system  is  to  deliver 
water  to  its  users  in  an  economical  yet  reliable  manner.  Under 
normal  loading  conditions  (usually  defined  in  terms  of  peak  hourly 
or  maximum  daily  demands)  the  emphasis  must  naturally  be  on  econ¬ 
omy.  However,  under  emergency  loading  conditions,  i.e.,  critical 
pump  failures,  high  fire  demands,  and  broken  links,  quantity  and 
quality  of  service  may  degrade  catastrophically  unless  the  system 
design  adequately  considers  these  conditions.  Thus,  consistent 
with  de  Neufville  etal.  [50]  reliability  for  a  water  distribution 
system  will  be  defined  in  terms  of  the  system's  performance  under 
emergency  loading  conditions.  The  specific  measure  of  performance 
and  hence  reliability  will  depend  on  the  specific  nature  of  the 
emergency  loading  condition.  In  general,  the  quantity  of  service 
(flow  rate)  and/or  quality  of  service  (nodal  head  pressure)  will 
serve  as  measures  of  performance. 
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2.4  Potential  Solution  Approaches 

2.4.1  Single  Integrated  Mathematical  Programming  Model 

Attempts  to  formulate  a  single  integrated  mathematical 
programming  model  to  solve  the  problem  revealed  the  following: 

1.  The  reguirement  to  select  the  network  layout  requires 
integer  (0,1)  variables. 

2.  The  nonlinear  frictional  head  loss  terms  result  in  a  non¬ 
linear  constraint  set. 

3.  To  measure  the  nodal  head  pressures  and  incorporate  them 
as  a  constraint  requires  knowledge  of  a  set  of  links 
forming  a  path  from  a  fixed  head  node  to  each  node  of 
interest.  Likewise,  for  multiple  source  networks  con¬ 
servation  of  energy  requirements  dictate  knowledge  of 

a  set  of  links  forming  a  path  between  each  pair  of  fixed 
head  nodes.  If  the  loop  conservation  of  energy  constraints 
(1-12)  are  used  to  enforce  steady  state  conditions,  the 
appropriate  set  of  loop  constraints  must  also  be  identified. 
Thus,  the  formulation  of  the  appropriate  steady  state  and 
other  layout  dependent  constraints  may  involve  enumerating 
all  possible  constraints  associated  with  each  potential 
network  layout. 
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4.  Depending  on  the  specific  constraint  formulation,  it  may  be 
necessary  to  introduce  additional  0  -  1  variables  to  insure 
the  network  satisfies  connectivity  requirements. 

5.  Introducing  broken  link  emergency  loading  conditions  into 
such  a  model  would  be  virtually  impossible  since  the  net¬ 
work  layout  is  itself  a  decision  variable. 

Thus,  based  on  the  above  observations  not  only  solving  but 
even  formulating  the  problem  as  a  single  integrated  mathematical 
programming  model  is  extremely  difficult  and  cumbersome,  if  not 
actually  impossible.  Further,  such  a  model  would  be  almost  certain 
to  defy  solution  even  if  it  were  formulated. 

2.4.2  Two-Level  Hierarchical  Integrative  Approach 

Recognizing  the  difficulty  of  solving  the  problem  with  a 
single,  large,  detailed,  integrated  model,  the  problem  was  initially 
decomposed  into  a  two-level  ([55],  Bradley  et  al.)or  two  layer 
(Haimes  [56])  hierarchically  integrated  system.  This  approach 
recognizes  the  need  for  decomposing  the  elements  of  complex  problems 
within  the  context  of  a  hierarchical  system  that  links  higher  level 
(strategic)  decisions  into  lower  level  (tactical/operational )  deci¬ 
sions.  The  complete  decision-making  (design)  process  is  partitioned 
to  select  adequate  models  to  deal  with  individual  decisions  at  each 
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hierarchical  level.  Linking  mechanisms  are  developed  for  the 
transferring  of  the  higher  level  results  to  the  lower  hierarchical 
levels. 

The  initial  decomposition  of  the  problem  elements  parti¬ 
tioned  the  design  process  into  two  levels: 

1.  Strategic  -  Selection  of  a  set  of  links  forming  a  spanning 
tree  in  the  network. 

2.  Tactical/Operational  -  Selection  o>  .he  loop  forming  links 
and  the  detailed  system  design. 

Thus,  the  network  layout  was  split  among  the  two  models. 

Two  heuristic  models,  to  be  discussed  in  Chapter  3,  were  developed 
to  handle  the  selection  of  the  "primary"  links  in  the  "core"  tree. 

The  presence  of  a  spanning  tree  in  the  network  eliminated  many  of 
the  formulation  difficulties  of  the  single  integrated  model  but 
there  still  remained  the  task  of  developing  a  solution  algorithm 
for  the  resulting  nonlinear  integer  programming  model  (selection 
of  redundant  links). 

Considerable  effort  was  invested  in  developing  an  algorithm 
to  solve  this  nonlinear  integer  programming  model.  A  complex  heuris¬ 
tic  algorithm  based  on  comparing  the  benefit/cost  ratio  [57]  of  add¬ 
ing  (deleting)  each  candidate  loop-forming  "redundant"  link  to  (from) 
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the  core  tree  was  developed.  Although  the  mechanics  of  the  algor¬ 
ithm  worked  well,  unexpected  results  on  a  small,  two-looped  network 
for  a  single  normal  and  emergency  (fire  demand)  condition  led  to 
further  decomposition  of  the  model.  For  the  fire  demand  loading 
condition  the  benefit/cost  ratio  of  adding  a  redundant  link  to  the 
core  tree  was  negative.  This  result  led  to  the  recognition  that 
the  real  value  of  redundant  links  was  their  ability  to  provide  con¬ 
tinuing  service  in  case  of  failure  of  the  larger  primary  links. 
Thus,  selection  of  the  redundant  links  (which  is  based  on  satisfy¬ 
ing  the  broken  primary  link  emergency  loading  conditions)  became 
the  task  of  a  separate  intermediate  level  model.  The  third  level 
of  the  hierarchy  accomplishes  the  detailed  system  design  using  the 
network  layout  from  the  first  and  second  level  models  and  takes 
into  account  the  remaining  emergency  loading  conditions  (fire 
demand,  pump  outage). 

2.4.3  Three-Level  Hierarchical  Integrative  Approach 

The  approach  chosen  to  handle  the  problem  involves  a  hier¬ 
archy  of  three  models: 

1.  Strategic  -  Selection  of  the  core  tree  of  primary  links. 

2.  Tactical  -  Selection  of  the  loop  forming  redundant  links. 


3.  Operational  -  Detailed  design  of  the  system. 
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For  each  level  it  was  necessary  to  develop  an  appropriate 
model  properly  integrating  the  results  of  the  higher  level  model (s). 
The  first  two  models  combine  to  design  the  system  layout  while  the 
lowest  level  model  optimizes  the  detail  design  of  the  resulting  lay¬ 
out  with  respect  to  performance/rel iabil ity  under  the  selected  non- 
broken  links  emergency  loading  conditions.  The  resulting  decomposi¬ 
tion  eliminated  the  requirement  to  solve  a  nonlinear  integer  program 
but  more  importantly  it  represents  a  logical,  comprehensive  approach 
to  solution  of  the  problem.  The  specific  description  of  and  ration¬ 
ale  for  selecting  each  of  the  three  models  is  presented  in  Chapters 
3,  4  and  5. 
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SELECTION  OF  TREE  LAYOUT 


3.1  Introduction 

Let  us  consider  the  problem  of  connecting  a  set  of  demand 
nodes  to  a  single  source  node  with  a  set  of  potential  links.  The 
minimum  number  of  links  required  to  satisfy  all  nodal  demands  is 
NNODE  -  1  where  NNODE  is  the  total  number  of  nodes.  This  set  of 
NNODE  -  1  links  forms  a  spanning  tree  for  the  network.  For  rural 
water  distribution  systems  where  demand  nodes  are  far  apart  it  is 
not  unusual  to  install  a  tree  shaped  distribution  system  because  of 
the  high  cost  to  provide  multiple  paths  to  each  demand  node.  Muni¬ 
cipal  water  distribution  systems,  on  the  other  hand,  usually  are 
looped  providing  at  least  two  paths  to  each  demand  node.  In  this 
chapter  we  will  consider  the  problem  of  selecting  the  optimal  tree 
layout  for  the  distribution  system.  After  fully  characterizing  the 
nature  of  the  optimal  tree,  we  will  examine  existing  techniques  for 
identifying  this  optimal  tree  and  complete  the  analytical  develop¬ 
ment  of  a  recently  proposed  technique  [49].  Then,  we  will  present 
a  new  technique  that  remedies  the  difficulties  of  existing 
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techniques.  Finally,  efficient  methods  for  generating  alternative 
near  optimal  tree  layouts  will  be  discussed. 

3.2  Properties  of  the  Core  Tree 

3.2.1  Definition 

The  minimum  cost  spanning  tree  under  the  normal  loading  con¬ 
dition  will  be  termed  the  core  tree  and  the  links  in  the  core  tree, 
the  primary  links.  The  links  not  in  the  core  tree  will  be  referred 
to  as  the  non-tree  links  or  candidate  redundant  links.  Non-tree 
links  which  are  eventually  selected  as  part  of  the  full  network 
layout  (see  Chapter  4)  will  be  called  redundant  links. 

3.2.2  Economy 

3. 2. 2.1  Problem  PI 

Consider  the  following  problem  of  minimizing  the  total  costs 
of  designing  a  looped  distribution  system  subject  to  satisfying 
steady  state  conditions  and  minimum  head  levels  under  the  normal 
loading  condition: 
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PROBLEM  PI 


Minimize 


NLINK  l  NPUMP 

z  •  t  'iV1.*  I  pu  ^xpk,  ^ 

k  =  1  k  =  1 


(3-1) 


+  £  STCk  xsk 


k  =  1 


subject  to 


»k  -  2  %  ‘  k, 


(3-2) 


k  e  Oj  ke  T. 


i  e  DNODE  U  SNODE 


(\-\) 


Dk  =  Kk  Qk  |Qk'  Lk 


(3-3) 


k  =  1 . NLINK 


EL.  *  J  (*Pk  *  XSk) 


(3-4) 


ke  PS. 


i  e  SNODE 


H.  >  EL,  +  HMIH. 
1-1  1 


(3-5) 


i  e  DNODE 
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H.  =  H.  -  EL. 

1  1  1 

(3-6) 

i  e  DNODE 

0.  >  0 
k  = 

k  =  1 . NLINK 

(3-7) 

XP,  >  0 

k  — 

k  =  1 ,  . . . ,  NPUMP 

(3-8) 

XS.  >  0 
k  = 

k  -  1,  ....  NST 

(3-9) 

where 

NLINK-- the  number  of  links  (primary  and  non-tree)  in  the 
network 

J&1 ,  ^--constant  dimensionless  link  cost  parameters 

D. --the  diameter  of  link  k  in  inches 
k 

L^--the  length  of  link  k  in  feet 
NPUMP--the  number  of  pumps  in  the  system 
XP^—the  head  lift  provided  by  pump  k  in  feet 
QPk--the  flow  rate  through  pump  k  in  gallons  per  minute 
PU  [XP^,  QP^3 —  the  equivalent  uniform  annual  cost  in 
dollars  for  pump  k.  The  capital  cost 
component  of  PU  is  a  nonlinear  function 


I 

i 


of  head  and  flow  rate. 
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NST--the  number  of  elevated  storage  reservoirs  in  the  system 
XS^--the  additional  height  to  raise  storage  reservoir  k 
in  feet 

STC^--the  equivalent  uniform  annual  cost  in  dollars  per  foot 
for  raising  storage  reservoir  k 
—  the  flow  rate  on  link  k  in  gallons  per  minute 
b.--the  external  flow  at  node  i  in  gallons  per  minute 
K^—a  constant  dependent  on  link  k's  roughness  coefficient 
H.--the  pressure  head  at  node  i  in  feet 
H.--the  total  head  at  node  i  in  feet  which  is  the  sum  of 

l 

potential  head  due  to  elevation  (EU )  and  the  pressure 
head  (H^ ) 

EL..--the  elevation  above  a  specified  datum  plane,  e.g.,  sea 
level,  in  feet 

k^ ,  k^-the  two  nodes  incident  to  link  k 
PS,.-- the  set  of  pumps  and  storage  reservoirs  at  source 
node  i 

DNODE— the  set  of  demand  nodes 
SNOOE— the  set  of  source  nodes 

HMIN..--the  minimum  pressure  head  at  demand  node  i  in  feet 

The  objective  function  (3-1)  composed  of  link,  pump,  and 
storage  costs  is  the  total  equivalent  uniform  annual  cost  of  the 
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distribution  system  in  dollars.  The  linear  system  of  equations 
(3-2)  insures  nodal  conservation  of  flow  equation  (1-8)  is  satisfied. 
Equation  (3-3)  is  the  frictional  head  loss  equation  for  each  link. 

In  this  model  the  total  nodal  heads  (H. )  are  explicitly 
chosen.  Thus,  as  in  the  Hardy  Cross  nodal  method  (see  section 
1.2.1)  an  arbitrary  selection  of  H .  automatically  satisfies  loop 
conservation  of  energy  requirements  (equation  1-11)  but  may  not 
satisfy  nodal  conservation  of  flow.  The  direction  of  head  loss 
in  equation  (3-3)  determines  the  flow  direction  and  sign  of  Q^. 
Equation  (3-4)  states  that  the  total  head  at  each  source  node  is 
the  sum  of  the  nodal  elevation  plus  the  head  added  by  pumps  and 
storage  reservoirs  located  at  the  node.  Inequality  (3-5)  and  equa¬ 
tion  (3-6)  combine  to  insure  that  the  pressure  head  (H,.)  at  each 
demand  node  exceeds  the  minimum  required  pressure  head  (HMIN..). 
Inequalities  (3-7),  (3-8)  and  (3-9)  are  the  nonnegative  diameter, 
pump  head  lift,  and  storage  height  decision  variables,  respectively. 

3. 2. 2. 2  Theorem  I 

The  following  theorem  (Delfino  [44])  demonstrates  the  desir¬ 
ability  of  identifying  and  using  the  core  tree  as  a  base  for  the 
network  layout  problem. 
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THEOREM  1 

Assuming  that  Problem  PI  has  a  finite  optimal  solution, 
there  is  an  optimal  solution  corresponding  to  a  spanning  tree  of 
the  looped  network. 

PROOF:  Assume  we  have  a  finite  optimal  solution  for  Prob- 

—  * 

lem  PI  with  optimal  values  of  the  decision  variables  ,  i  e  DNODE 
U  SNODE;  XP*  ,  k  =  1,  ...,  NPUMP;  XS*  ,  k  =  1 ,  . . . ,  NST ;  D*  , 
k  =  1,  NLINK;  and  ,  k  =  1,  NLINK.  Therefore  the  fol¬ 
lowing  inequality  holds 


Z  (0*  ,  Q*  ,  H.*,  XP*  ,  XS*)  <  Z  (Dk  ,  Qk  ,  H*,  XP*  ,  XS*) 

(3-10) 

for  any  feasible  and  Q^. 

Fix  H.  at  H*  ,  i  e  DNODE  U  SNODE;  XP,  at  XP*  k  =  1 , 
it  k  k 

★ 

NPUMP;  and  XSk  at  XSfc  ,  k  =  1 ,  . . . ,  NST.  Thus,  using  equation 
(3-3)  we  can  obtain  the  Allowing  expressions: 

1.  For  links  k  such  that  H,  H,  t  0  using  equation  (3-3) 

i  ‘  K2 

we  have 


D 


k 


\  iqki 


,1/m 


(3-11) 


2.  For  1  inks  k  with  H,  -  H. 

k,  k2 


0,  Dk  =  0  and  Qk  =  0. 


Let  L  be  the  set  of  links  with  this  property. 

Eliminating  using  equation  (3-11)  Problem  PI  becomes 


PROBLEM  P2 


Minimize 


NLINK 


Kk  Lk  lQk' 


k  =  1 
k  t  L 


(3-12) 


subject  to 


I  \-  1  \ 


k  e  0i 
k  i  L 


=  b. 


k  e  1\ 
kU 


(3-13) 


where 


i  e DNODE  U  SNODE 


"  K  L  I  l2/m 

Kk  =  ^  —  —i  7 

|H.  -  H  | 

*1  *2 


(3-14) 


La  • 

3  n; 


(3-15) 


The  objective  function  (3-12)  is  concave  under  the  condi¬ 


tion  that 


n  l7 

- -  <  1 

m 


(3.16) 


For  the  Hazen-Wi 1 1 iams  equation  n  =  1.852  and  m  =  4.87.  Thus, 
the  expression  (3-16)  becomes 


i l 


3 


1.852  £2 
“  4.87 


<  1 


(3-17) 


or 

■lz  <  2.63  (3-18) 

For  1976  cost  data  the  value  of  is  1.01  iz  is  1.29  [48], 
Thus,  Problem  P2  involves  minimizing  a  concave  function 
over  a  convex  set.  Since  Problem  PI  has  a  finite  optimal  solution 
Problem  P2  also  has  a  finite  optimal  solution  which  is  given  by  a 
spanning  forest  T  of  the  network.  If  the  spanning  forest  is  con¬ 
nected,  it  is  also  a  spanning  tree.  Otherwise,  T  plus  some  links 

with  zero  flow,  i.e.,  links  with  H.  -  H,  =  0,  form  a  spanning 

1  2 

tree  T  in  the  network. 

let  Q**  be  the  link  flows  associated  with  the  spanning 
k 

tree  T  and  D**,  the  corresponding  diameters  computed  using 
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equation  (3-11).  Thus,  we  can  write 


1  <CC  Hi*’  xpI  •  xsk}  i z  <v  v  Hi*»  K  •  xv 


(3-19) 


for  any  feasible  D  and  Q  . 

From  (3-10)  and  (3-19)  we  must  have 


z  ,D~  q”  H(*.  xp(  .  xs*  )  -  z  <o(,  <,  H.*,  XP*.  XS;> 


(3-20) 


*  ★  —  *  ★  * 

Since  (0^,  Qk,  H.  ,  XP^,  XSk)  is  an  optimal  solution  the 


following  inequality  holds 


1  {\’  C  V*  XPk’  XSk)  =  1  {Kk’  V  V  XPk*  XSk] 


(3-21) 


for  any  feasible  (Dk>  Qk>  H.,  XPk>  XSk). 


PI. 


irk  irk  —  ★  *  * 

Hence  (Dk  ,  Qk  ,  XPk>  XSk)  is  also  optimal  for  Problem 


Q.E.D. 


i 

vmm 


V" 
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Consider  the  two  loop,  single  source  distribution  system 
with  an  elevated  storage  reservoir  at  node  1  shown  in  Figure  3-1. 
Figure  3-1  also  depicts  the  normal  nodal  demands,  nodal  elevations, 
and  link  lengths.  To  illustrate  the  importance  of  flow  distribution 
CQ  )  the  flow  distribution  was  fixed  at  a  number  of  points  (approxi¬ 
mately  1200)  and  Problem  PI  was  solved  using  linear  programming  [46]. 
The  base  flow  distribution  corresponds  to  zero  flow  in  both  links  7 
and  8.  Loop  flow  changes  (AQj.  and  AQ^),  which  preserve  nodal  con¬ 
servation  of  flow,  are  made  to  the  base  flow  distribution.  The  base 
flow  distribution  corresponds  to  AQj  =  AQ^  =0.  The  flow  distribu¬ 
tion  was  varied  parametrically  in  50  GPM  increments  about  AQ^  * 

AQjj  =0.  A  three-dimensional  perspective  of  the  minimum  cost  (Z) 
vs.  the  loop  flow  changes  (AQj  and  AQ^)  is  shown  in  Figure  3-2. 

The  large  valleys  in  the  figure  correspond  to  flow  distributions 
with  either  one  or  two  links  at  zero  flow.  This  figure  also  illus¬ 
trates  the  low  cost  of  the  spanning  trees  with  layouts  similar  to 
that  of  the  core  tree. 

3.3  Identification  of  Core  Tree 

Based  on  the  desirable  properties  of  the  core  tree  as  a 
basis  for  the  distribution  system  layout,  it  appears  worthwhile  to 
have  the  capability  to  identify  the  core  tree  in  an  efficient  manner. 
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First,  we  will  evaluate  three  existing  techniques  for  finding  the 
core  tree.  Next,  we  will  complete  the  development  of  a  promising 
technique  recently  suggested  by  Bhave  [49].  Finally,  we  will  pre¬ 
sent  a  new  model  that  overcomes  the  inadequacies  of  existing 
techniques. 

3.3.1  Exhaustive  Enumeration 

One  possible  way  to  identify  the  core  tree  is  to  enumerate 
all  spanning  trees,  optimize  each  tree  with  respect  to  cost,  and 
select  the  tree  with  the  lowest  cost.  Graph  theory  can  be  used  to 
compute  the  number  of  possible  spanning  trees  for  an  arbitrary  set 
of  nodes  and  potential  links. 

The  fixed  nodes  of  the  distribution  system  and  the  potential 
links  can  be  represented  by  an  undirected  graph  GRAPH  =  [NODE,  LINK] 
where  NODE  is  the  set  of  all  nodes  and  LINK  the  set  of  all  potential 
links  in  the  graph.  Let  NNODE  be  the  number  of  nodes  in  NODE  and 
NLINK  be  the  number  of  links  in  LINK.  To  determine  the  number  of 
different  spanning  trees  for  a  specific  distribution  network 
requires  the  Matrix-Tree  Theorem  for  Graphs  [58],  Let  M' (GRAPH) 
be  an  NNODE  by  NNODE  matrix  with  the  diagonal  elements  of  M' ,  m'..  , 
equal  to  the  degree  of  node  i.  The  degree  of  a  node  is  the  number 
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of  links  incident  to  the  node.  For  the  off-diagonal  elements  of  M' 

let  m' .  =  -1  if  nodes  i  and  j  are  adjacent,  i.e.,  connected  by  a 
^  J 

single  link  and  m'.  =  0  otherwise. 

J 


MATRIX  TREE  THEOREM  FOR  GRAPHS 

For  any  connected  labeled  graph  GRAPH  all  cofactors  of  the 
matrix  M' (GRAPH)  are  equal  and  their  common  value  is  the  number  of 
spanning  trees  of  GRAPH. 

Consider  the  graph  GRAPH  with  four  nodes  and  four  links 
shown  in  Figure  3-3.  The  three  potential  spanning  trees  are  derived 
by  deleting  any  link  except  (3,  4)  and  are  also  shown  in  Figure  3-3. 


M' (GRAPH) 


of  m 


11 


Since  all  the  cofactors  are  equal,  we  can  take  the  cofactor 
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2  0-1 
0  1  -1 

-1  -1  3 


=  2(2)  -  0(-l )  +  (-1)0)  =  3 


The  network  of  Figure  3-4  [36]  with  only  10  nodes  and  13 
links  has  208  possible  spanning  trees.  The  20  node,  28  link  network 
of  Figure  3-5  [47]  has  135,320  possible  spanning  trees.  Thus,  for 
any  reasonable  size  network,  exhaustive  enumeration  and  optimization 
of  all  spanning  trees  is  infeasible. 


3.3.2  Steady  State  Network  Analysis 

Barlow  and  Markland  [22]  propose  using  steady  state  network 
analysis  for  finding  a  "basic"  tree  in  the  network  which  roughly 
corresponds  to  our  core  tree.  The  procedure  involves  the  following 
steps: 

1.  Assign  each  link  in  the  network  the  same  fixed  diameter. 

2.  Balance  the  network  under  the  normal  loading  condition. 

3.  Select  the  links  in  the  core  tree  as  those  links  carrying 
the  larger  flows  in  the  network. 
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This  method  appears  to  be  based  on  the  observation  that 
water  tends  to  concentrate  in  the  primary  links  of  the  system.  How¬ 
ever,  the  authors  present  no  justification  for  this  heuristic,  pro¬ 
vide  no  examples,  and  provide  no  guidance  concerning  the  specific 
pipe  diameter  to  select  or  procedure  for  recognizing  flow  concentra¬ 
tion.  Furthermore,  this  method  fails  to  take  into  account  that  the 
cost  of  a  link  varies  with  its  diameter. 

3.3.3  Direct  Optimization 

Alperovits  and  Shamir  [46]  state  without  proof  that  when  a 
network  is  designed  for  a  single  loading  condition  that  unless  a 
minimum  diameter  is  specified  for  all  links  that  the  minimum  cost 
network  will  have  a  branching  (tree)  configuration.  The  authors 
imply  that  the  core  tree  can  be  identified  using  their  Linear  Pro¬ 
gramming  Gradient  (LPG)  technique  by  initially  including  all  poten¬ 
tial  links  in  the  system  and  setting  very  small  minimum  diameters 
on  all  links  (1  inch).  The  minimum  cost  network  is  found  by  solv¬ 
ing  a  sequence  of  linear  programming  problems.  Between  each  linear 
programming  iteration,  the  loop  flows  are  changed  using  a  gradient 
computed  from  a  combination  of  the  dual  variables  and  the  deriva¬ 
tives  of  the  loop  equations.  Theoretically,  the  minimum  cost  solu¬ 
tion  will  have  all  links  not  in  the  core  tree  at  the  minimum 


diameter  and  with  minimal  flow  in  them.  This  author's  own  extensive 
experience  using  the  LPG  method  has  indicated  that  the  final  flow 
distribution  is  highly  sensitive  to  the  initial  flow  distribution, 
i.e.,  the  flow  distribution  tends  to  move  towards  the  flow  distribu¬ 
tion  of  the  nearest  tree.  This  behavior  is  not  surprising  because 
of  the  nonconvex  constraint  set  that  can  only  guarantee  a  local 
optimum  solution  and  because  of  the  general  superiority  of  tree 
layouts  imbedded  within  a  looped  network.  Furthermore,  the  compu¬ 
tational  expense  of  using  several  different  initial  flow  distribu¬ 
tions  in  an  attempt  to  find  a  global  optimum  and  identify  the  core 
tree  becomes  very  burdensome  even  for  a  moderate  size  network; 
Alperovits  and  Shamir  [46]  report  a  cost  of  $60  for  a  single  LPG 
run  to  minimize  the  cost  of  a  65-link,  52-node  network. 

3.3.4  Shortest  Path  Tree  Model 

Bhave  [49]  uses  the  shortest  path  tree  as  part  of  an  algo¬ 
rithm  to  minimize  the  cost  of  a  fixed  layout  single  source  distri¬ 
bution  system.  Although  the  author  claims  that  the  shortest  path 
tree  is  generally  the  optimal  network,  he  provides  no  empirical 
and  little  analytical  support  beyond  what  is  necessary  to  support 
the  use  of  the  shortest  path  tree  in  his  optimization  model.  This 
section  analytically  derives  the  shortest  path  tree  model  and 
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3.3.4. 1  Analytic  Derivation 

In  a  water  distribution  system  external  energy  is  imparted 
to  water  by  pumps  (pressure  energy)  and  elevated  storage  reservoirs 
(potential  energy).  The  principal  internal  energy  loss  is  due  to 
frictional  head  losses  in  the  pipe.  To  provide  flow  to  a  demand 
node  i  at  some  minimum  energy  (head)  level,  HMIN  ,  involves  a 
tradeoff  between  the  cost  of  adding  external  energy  and 
reducing  internal  energy  losses.  Assuming  a  fixed  tree  layout  for 
a  single  source  network  with  all  links  composed  of  single  diameter 
pipes  of  length  ,  the  head  at  node  i  is 

H.  =  EL  -  EL.  +  XS,  +  V  xp, 

i  s  i  Z— <  k  Z_w  k 

k  e PATH  .  k  e PATH  . 

si  si 

(3-22) 

Where  s  is  the  source  node  and  PATH  .  is  the  set  of  links,  pumps, 

3 1 

and  elevated  storage  on  the  path  from  source  s  to  node  i. 


kk 


,m 


k  e  PATH 


si 
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Since  the  precise  tradeoff  between  external  energy  gains  and 
internal  energy  losses  is  part  of  the  final,  detailed  design  model, 
we  will  focus  on  the  last  term  of  (3-22)  involving  internal  fric¬ 
tional  energy  loss.  To  reduce  internal  frictional  energy  loss  for 
a  tree  layout  involves 

1.  Increasing  the  link  diameters  (D  )  on  the  unique  path  from 
the  source  node  to  the  demand  node  in  the  current  network 
layout. 

2.  Finding  an  alternate  path  from  the  source  node  to  node  i 
that  has  the  lower  total  head  loss. 

Since  the  first  alternative  involves  detailed  design,  we  will  con¬ 
sider  the  second  alternative  of  finding  improved  paths. 

For  any  link  k  the  quantity 


Vk 


D 


m 


AHF, 


(3-23) 


is  the  hydraulic  gradient  and  represents  the  head  loss  per  unit 
length  of  pipe.  Under  normal  conditions  (peak  hour  demand)  with 
each  primary  link  operating  near  capacity,  should  be  roughly 
the  same  for  all  links.  A  rule  of  thumb  for  estimating  the  flow 
capacity  of  a  link  [60]  is 
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QMAXfc  =  1 0  Dk  (3-24) 

where  QMAX^  is  in  gallons  per  minute  and  in  inches.  Letting  all 
links  operate  most  efficiently  at  their  intended  capacities  we  have 

Jk  =  Kk  10n  Dkn_m  =  Kk  10n  Dk‘8  (3-25) 

for  typical  values  of  n  and  m.  With  Dk  ranging  from  6  to  20 
8 

inches  O'  ranges  from  .23  to  .10.  A  link  with  an  extremely  high 
J  (high  flow  rate  versus  diameter)  is  dissipating  energy  at  an 

In 

excessive  rate  and  should  be  replaced  with  a  larger,  more  efficient 
link.  Likewise,  an  extremely  low  hydraulic  gradient  implies  too 
low  a  flow  in  relation  to  link  diameter  and  a  smaller  diameter  link 
or  no  link  at  all  is  in  order. 

A  common  engineering  design  restriction  is  that  the  velocity 
of  water  in  a  link  Vk  remains  within  fairly  narrow  limits.  Let  Ak 
be  the  cross-sectional  area  of  link  k. 

The"  \  •  \  V  \ a"d  V  <?"  ^2n  •  Thus- the 

uk 

assumption  that  Jk  is  uniform  on  all  links  is  consistent  with  this 
design  restriction  on  flow  velocity.  Furthermore,  samples  of  the 
hydraulic  gradient  from  several  optimization  runs  of  different  tree 


shaped  systems  lend  further  empirical  support  to  this  assumption. 


Letting  =  J,  equation  (3-12)  becomes 


H.  =  EL  -  EL.  +  V*  XS ,+  V  XP, 

i  s  i  /  j  k  /  ^  k 

k  e  PATH  .  k  e  PATH  . 

si  si 

(3-26) 

-J  E  Lk 

kePATH  . 
si 


For  each  demand  node  we  would  like  to  minimize  the  internal  fric 


tional  energy  losses  in  lieu  of  costs.  This  results  in  the  overall 


problem  of  minimizing 

i  e  DNODE  k  e PATH  . 

si 


where  the  decision  variable  is  the  path  from  the  source  node  to 


each  demand  node  PATH  This  is  the  problem  of  finding  the  short¬ 
est  path  tree  rooted  at  the  source  node. 


A  mathematical  model  of  the  problem  formulated  as  a  path 


selection  problem  is  presented  below. 
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PROBLEM  P3 


NP. 

Minimize  >  \  '  LP..  y.  . 

1J 

i  e  DNOOE  j  =  1 

NP. 

^  y..  =  1  is  DNODE 

j  -  1 

yij  ’  0>  ' 

i  £  DNODE 
j  =  1,  ....  NP. 


(3-27) 


(3-28) 


where 


NP^.--the  number  of  different  paths  from  the  source  node  to 
node  i 

LP_--the  length  of  path  from  the  source  to  node  i. 

(  1  if  path  j  -  1,  ....  NP.  is  chosen 

yij  = 

J  0  otherwise 


3.3.4. 2  Solution  Technique 

Finding  the  shortest  path  tree  in  a  network  is  simply  the 
classical  shortest  path  problem  applied  to  finding  the  set  of 
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shortest  paths  from  a  fixed  root  node  (source)  to  all  other  nodes 
(demand)  in  the  network.  In  the  literature  the  shortest  path  tree 
is  formulated  as  a  minimum  cost  flow  problem  where  each  demand  node 
has  a  requirement  for  a  single  unit  of  flow  and  the  source  node  has 
NNODE  -  1  units  to  supply.  Problem  P2  has  been  formulated  as  a 
more  cumbersome  0-1  integer  programming  problem  purely  to  illus¬ 
trate  the  conceptual  problem  of  selecting  the  set  of  NNODE  -  1 
shortest  paths  from  the  source  node  to  the  demand  nodes.  There  are 
a  variety  of  efficient  techniques  for  finding  the  shortest  path 
tree  for  a  network  with  nonnegative  link  costs  including  dynamic 
programming,  network  flow  programing ,  and  Dijkstra's  algorithm 
[59]. 

3. 3. 4. 3  Multiple  Source  Application 

The  previous  discussion  and  Bhave's  work  [49]  were  restricted 
to  single  source  networks.  To  apply  the  shortest  path  approach  to 
multiple  source  networks  requires  that  each  demand  node  be  assigned 
to  one  of  the  sources.  This  assignment  should  be  based  on  source 
capacities,  nodal  demands,  and  the  distances  between  each  source  and 
demand  node.  The  use  of  the  uncapacitated  linear  minimum  cost  flow 
model  appears  appropriate  to  make  this  assignment.  A  statement  of 
the  model  is  presented  below. 
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PROBLEM  P4 


Minimize 


NLINK 

E 

k  =  1 


Lk  Qk 


subject  to 


E  \ '  E  \ 

k  e  0.  k  £  7. 

i  l 


b. 


\  >  o 


i  =  1 ,  NNODE  -  1 

k  =  1,  ....  NLINK 


Efficient  network  flow  programming  codes  are  available  to  solve  this 
problem.  It  should  be  noted  that  no  capacity  constraints  have  been 
placed  on  the  link  flows.  Water  pipes  are  designed  to  withstand  a 
certain  amount  of  pressure  depending  on  the  pressure  class  of  the 
pipe.  It  has  been  assumed  that  sufficiently  large  diameters  are 
available  to  handle  maximum  flow  rates  in  the  distribution  system. 

The  maximum  pipe  diameter  may  be  estimated  using  the  flow  capacity 
equation  (3-24). 

Solution  of  the  linear  minimum  cost  flow  problem  (Problem  P4) 
should  determine  the  demand  nodes  assigned  to  each  source  node.  How¬ 
ever,  some  demand  nodes  may  be  supplied  by  more  than  one  source.  In 
this  case,  the  node  can  be  arbitrarily  assigned  to  either  source. 
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Once  the  shortest  path  trees  have  been  found  for  each  source  the 
trees  are  connected  to  form  the  single  spanning  core  tree.  The 
choice  of  connecting  links  is  somewhat  arbitrary.  Good  choices 
include  the  shortest  link  connecting  the  trees  or  the  link  that 
completes  the  shortest  path  between  the  two  source  nodes.  Chapter  6 
will  illustrate  the  application  of  the  above  techniques  to  a  two- 
source  distribution  system. 

3. 3.4.4  Empirical  Support 

To  test  the  goodness  of  the  shortest  path  tree  model  an 
extensive  search  of  the  literature  was  conducted  for  papers  opti¬ 
mizing  specific  looped  distribution  systems.  For  each  network  the 
shortest  path  tree  was  found.  By  examining  the  results  of  the  opti¬ 
mization  algorithm,  the  primary  links  in  the  core  tree  were  identi¬ 
fied  by  eliminating  the  links  from  the  network  with  minimum  flow  and 
diameters  (redundant  links).  In  every  case  the  shortest  path  tree 
and  the  tree  obtained  by  the  optimization  algorithm  were  identical. 
Summary  information  on  the  network  problems  surveyed  is  given  in 
Table  3-1. 

For  the  distribution  system  shown  in  Figure  3-1  consisting 
of  7  nodes,  8  potential  links,  and  an  elevated  storage  reservoir  at 
node  1  all  15  spanning  trees  were  enumerated  (Figure  3-6)  and  the 
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TABLE  3-1 

RESULTS  OF  CORE  TREE  LITERATURE  SURVEY 


Reference 

No. 

Nodes 

No. 

Links 

No. 

Loops 

No. 

Spanning 

Trees 

Ceredese  [47] 
and  Mele 

20 

28 

9 

135,320 

Watanadata  [40] 

4 

25 

2 

8 

Kally  [35] 

9 

11 

3 

52 

Jacoby  [30] 

6 

7 

2 

15 

Alperovits  &  [46] 
Shamir 

7 

8 

2 

18 

f 

1 
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minimum  cost  design  was  found  for  each  tree  layout.  Table  3-2  pre¬ 
sents  the  minimum  cost  (column  2)  and  the  tree  path  length  (column  3), 
the  total  length  of  the  tree  paths  from  the  source  node  to  each  de¬ 
mand  node,  for  each  tree  layout.  A  linear  least  squares  fit  of  the 
data  yielded  a  coefficient  of  determination  of  .941  confirming  the 
strong  correlation  between  the  actual  minimum  cost  and  the  tree  path 
length  criteria.  Columns  4  and  5  of  Table  3-2  are  resul ts  for  1  inear 
and  nonlinear  flow  models  which  will  be  discussed  in  section  3.3.5. 

3.3.5  Nonlinear  Minimum  Cost  Flow  Model 

3. 3. 5.1  Analytic  Derivation 

The  shortest  path  tree  model  focused  on  the  problem  of  mini¬ 
mizing  internal  energy  losses  thereby  reducing  the  need  for  adding 
expensive  external  energy  in  the  form  of  pumps  and/or  elevated 
storage.  Without  any  regard  for  external  energy  costs  the  minimum 
cost  tree  layout  would  clearly  be  a  minimal  spanning  tree  with  all 
links  at  minimal  commercially  available  diameter.  From  a  total  cost 
viewpoint  such  a  system  would  represent  an  extremely  inefficient 
use  of  pipes  since  links  with  larger  flows  would  have  a  very  high 
hydraulic  gradient  and  would  be  dissipating  excessive  amounts 
of  energy  per  unit  length  of  pipe. 
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Table  3-2 

EVALUATION  OF  SPANNING  TREES 


Links 

Missing 

Minimum 

Cost 

($) 

Tree 

Path 

Length 

(ft) 

Nonl inear 
flow 
cost 
(ft-gpm) 

Linear 

Flow 

Cost 

(000  ft-gpm) 

7,8 

31 ,428 

35,500 

627,074 

31  ,900 

6,7 

33,684 

35,500 

657,122 

31 ,900 

2,8 

35,915 

40,000 

681 ,892 

34,415 

2,6 

36,991 

40,000 

710,055 

33,925 

4,8 

37,955 

40,000 

769,335 

37,300 

4,7 

43,700 

45,500 

785,320 

43,900 

5,7 

44,588 

47,000 

791,005 

42,050 

4,6 

44,834 

47,000 

846,166 

47,480 

2,5 

47,277 

47,000 

842,386 

44,075 

3,6 

54,939 

59,500 

996,833 

56,600 

2,4 

55,267 

60,000 

941,693 

50,425 

3,8 

55,354 

62,500 

995,601 

59,050 

4,5 

59,706 

56,000 

1 ,008,546 

59,660 

3,5 

61,709 

63,500 

1 ,130,716 

66,650 

3,4 

66,991 

73,500 

1,170,119 

68,300 

As  in  the  derivation  of  the  shortest  path  tree  model  assume 
that  all  candidate  links  in  the  system  are  operating  at  the  same 
optimal  hydraulic  gradient  J.  Thus,  assuming  all  candidate  links 
may  have  -nonzero  flow  Problem  P2  can  be  rewritten  as  follows: 

PROBLEM  P5 

NLINK  _  £, 

Minimize  V 

k  =  1 

subject  to 

S  \  -  2  \ 

k  £  0.  k  s  T. 

i  i 

i  e  DNODE  U  SNODE 

The  feasible  region  for  Problem  P5  is  convex  since  all  the 
constraints  are  continuous  linear  functions.  The  feasible  region 
is  closed  since  it  contains  all  its  boundary  points  [17]  and  bounded 
since 

0  i  Qk  i  I  bs  ■ 

s  e  SNODE 

Since  the  objective  function  is  continuous,  by  Weierstrass’  Theorem 
it  attains  a  minimum  over  the  constraint  set  [17]. 


(3-29) 


(3-30) 
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The  objective  function  is  concave  since  it  is  the  sum  of 
nonnegati vely  weighted  concave  functions.  By  Theorem  3  [17,  p.  119] 
any  convex  (concave)  function  f  defined  on  a  closed,  bounded  set 
71  which  has  a  maximum  (minimum)  over  .Q  achieve  this  maximum 
(minimum)  at  an  extreme  point  of  Q  . 

The  linear  constraint  set  is  that  of  the  general  uncapaci¬ 
tated  minimum  cost  flow  problem.  An  extreme  point  of  this  con¬ 
straint  set  corresponds  to  a  spanning  tree  for  the  network  [55].  In 
this  case  the  optimal  solution  will  be  the  core  tree. 


3. 3. 5. 2  Solution  Technique 


Since  the  objective  function  of  Problem  P5  has  the  form 


Minimize 


NLINK 

2 

k  =  l 


2  vv 


(3-31) 


subject  to 


NLINK 


£  9ik  (V  '  h 


(3-32) 


k  =  1 


i  e  SNODE  U  DNODE 


fk  (V  =  Kk  Lk  V 


«ik(v  =  iQk 


where 


I 
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UNCLASSIFIED  AF I T-C 1-79-23*0  NL 
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LL 


the  problem  is  separable  in  Q^. 

Instead  of  solving  the  problem  directly,  an  approximation 
is  made  in  order  that  linear  programming  can  be  utilized.  Two  types 
of  approximations,  called  the  6-method  and  the  A-method,  are  gen¬ 
erally  used  [55].  The  objective  function  is  linearized  using  a 
pi ecewise-1 inear  approximation.  Since  the  problem  involves  minimiz¬ 
ing  a  concave  function,  restricted  basis  entry  rules  must  be  incor¬ 
porated  in  the  simplex  method  to  insure  that  the  proper  sections  of 
the  piecewise-1 inear  approximation  are  used.  Appendix  8  fully 
describes  the  A-method  of  approximation  used  in  the  research. 

3. 3. 5. 3  Empirical  Support 

Applying  separable  programming  to  solve  Problem  P5  for  the 
distribution  system  of  Figure  3-1  resulted  in  identifying  the  I 

minimal  cost  tree  consisting  of  links  1-6.  Letting  =  1,  i.e., 
all  links  have  the  same  roughness  coefficient,  the  nonlinear  objec¬ 
tive  function  value  (3-29)  was  evaluated  for  the  remaining  spanning  ~ 

0 

*% 

trees  and  the  results  are  presented  in  column  4  of  Table  3-2.  A  ^ 

i 

least  squares  fit  of  the  data  with  the  computed  total  minimum  cost  I 

« 

•5 

(column  2)  had  a  coefficient  of  determination  of  .972.  Column  5  of  1 

Table  3-2  shows  the  results  of  letting  the  exponent  of  Qk  in  j 

the  objective  function  (3-29)  equal  1.  Problem  P5  then  becomes  a 
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linear  minimum  cost  flow  problem  (Problem  P3).  A  linear  least 
squares  fit  of  the  data  with  the  total  minimum  cost  (column  2)  gave 
a  coefficient  of  determination  of  .959. 

3.4  Comparison  of  Alternative  Core  Tree  Models 

Examination  of  exhaustive  enumeration,  steady  state  network 
analysis,  and  direct  optimization  methods  has  revealed  serious 
deficiencies  in  these  three  techniques  for  selecting  the  core  tree. 
This  section  will  present  a  comparison  of  the  two  most  promising 
techniques  for  selecting  the  core  tree— the  shortest  path  tree  and 
nonlinear  minimum  cost  flow  models. 

Both  the  shortest  path  tree  and  the  nonlinear  minimum  cost 
flow  models  were  analytically  derived  from  the  minimum  cost  distri¬ 
bution  system  model  using  the  simplifying  assumption  that  the  hydrau¬ 
lic  gradient  is  uniform  in  all  links.  However,  the  shortest  path 
tree  model  focuses  on  the  less  direct  objective  of  minimizing  total 
internal  frictional  energy  loss  on  the  path  from  the  source  node  to 
each  demand  node  whereas  the  nonlinear  flow  model  is  directly  con¬ 
cerned  with  minimizing  total  link  costs.  The  shortest  path  tree 
model  implicitly  assumes  a  uniform  flow  distribution  for  all  nodes 
which  may  affect  the  results  for  widely  varying  nodal  demands 


whereas  the  nonlinear  flow  model  takes  the  actual  flow  distribution 
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into  account.  Furthermore,  the  nonlinear  flow  model  can  handle 
multiple  source  systems  directly  without  the  need  to  partition  the 
system  into  disconnected  trees.  Based  on  the  results  of  Table  3-2, 
the  nonlinear  flow  model  and  its  objective  function  is  more  dis¬ 
criminating  than  the  shortest  path  tree  model  and  its  objective 
function.  However,  the  set  up  and  computer  solution  time  for  find 
ing  the  core  tree  in  a  network  is  somewhat  less  for  the  shortest 
path  tree  model . 

As  discussed  earlier  the  distribution  system  cost  includes 
the  cost  of  external  energy  added  by  pumps  and  elevated  storage  to 
insure  heads  at  demand  nodes  exceed  minimum  levels,  i.e., 

H. 


where  EL  is  the  elevation  of  the  reference  source  node  for  demand 
s 

node  i. 

The  quantity  EL$  -  EL.  -  HMIfL  represents  the  maximum  amount 
of  internal  frictional  energy  (head)  loss  before  external  energy  is 
needed  for  demand  node  i.  This  quantity  is  independent  of  the 


ELs  '  ai  *  I  XV  I  XP» 

k  z  PATH  .  k  e  PATH  . 

si  si 


(3-33) 


^  J,  L,  >  HMIN, 


i  .  k,  I  II  1  All  . 

k  k  -  l 


k  e  PATH  . 
si 
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tree  path  to  node  j.  The  quantity 


HMIN.  +  ^ 

k  e  PATH  . 
si 


L,  +  EL.  -  EL 
k  i  s 


represents  the  amount  of  external  energy  required  at  demand  node  i 
if  positive  or  the  excess  head  available  at  node  i  if  negative. 
Letting  =  J  ,  if  we  compute  the  quantity 


AENERGY  =  Maximum 
i  c  DNODE 


+  HMIN.  +  EL.  -  EL  \ 
'  ’  !/ 


(3-34) 


where  PATH  .  is  the  tree  path  between  source  node  s  and  demand 
si 

node  i  ,  we  have  an  estimate  of  the  external  energy  that  must  be 
added  to  the  system. 

Both  models  developed  implicitly  take  into  account  the 
requirement  to  minimize  the  quantity  of  external  energy  added  to 
the  system.  However,  in  the  process  of  generating  different  span¬ 
ning  trees  for  Table  3-2  certain  discrepancies  occurred  between  the 
order  of  costs  predicted  by  the  models  and  the  order  of  actual 
minimum  costs: 

1.  Shortest  path  tree  length  for  the  tree  formed  by  dropping 


links  4  and  5. 
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2.  Nonlinear  flow  cost  for  the  tree  formed  by  dropping  links  2 
and  5. 

3.  Nonlinear  flow  cost  for  the  tree  formed  by  dropping  links  2 
and  4. 

For  the  first  two  cases  the  longest  tree  path  is  to  node  6  which  has 
the  highest  elevation  of  any  demand  node.  For  the  third  case  the 
longest  tree  path  is  to  node  3,  the  demand  node  with  the  second 
highest  elevation.  The  combination  of  maximum 

1 

kePATH  . 

Si 

and  maximum  HMIN .  +  EL.  -  EL  ( HM I N .  =  90  for  all  demand  nodes) 
i  i  s  i 

resulted  in  AENERGY  for  each  of  the  three  trees  to  be  considerably 
higher  than  trees  with  similar  tree  path  lengths  and  nonlinear  flow 
costs.  Thus,  because  of  the  unusually  high  requirement  for  expen¬ 
sive  external  energy,  the  models  underestimated  the  relative  mini¬ 
mum  cost  of  the  tree. 

Although  these  cases  may  appear  somewhat  pathological,  they 
represent  a  limitation  on  the  accuracy  of  both  models  over  the 
entire  range  of  possible  tree  layouts.  Thus,  it  appears  worthwhile 
to  estimate  AENERGY  using  (3-35)  and  the  resulting  minimum  nodal 
head  to  check  for  any  irregularities  that  may  occur.  If  the 
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minimum  nodal  head  is  significantly  lower  than  tree  layouts  with 
similar  estimates,  the  estimate  could  be  adjusted  with  the  AENERGY 
term  to  compensate  for  the  additional  external  energy  required. 


3. 5  Generation  of  Alternative  Low  Cost  Tree  Layouts 

The  solution  of  Problems  P3  or  P5  provides  the  water  distri¬ 
bution  system  design  engineer  with  a  single  low  cost  tree  to  use  as 
the  basis  for  the  network  layout.  The  capability  to  efficiently 
identify  and  rapidly  evaluate  alternative  low  cost  tree  layouts 
appears  especially  useful.  Perhaps,  equally  important  is  the  need 
to  avoid  inherently  expensive  network  layouts. 

The  results  of  Table  3-2  indicate  a  high  linear  correlation 
between  the  value  of  the  objective  function  (shortest  path  tree  and 
nonlinear  flow)  for  each  tree  and  the  actual  minimum  cost  of  the 
layout.  Given  any  spanning  tree  layout,  the  sum  of  the  lengths  of 
the  NNODE-1  paths  from  the  source  node  to  each  demand  node  (the  tree 
path  length)  can  be  computed  with  simple  arithmetic.  Likewise, 
given  the  tree  layout  and  the  external  flows,  the  link  flows  can  be 
computed  by  solving  the  nodal  conservation  of  flow  equation  (1-8) 
with  Qk  =  0  for  non-tree  links.  Because  of  its  triangularity, 
this  linear  system  of  equations  may  be  easily  solved  using  backward 
substitution  without  the  need  to  compute  any  basis  inverse.  With 
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the  link  flows  Qk  the  nonlinear  objective  function 

NLINK  _  l 

l 

k  =  1 

is  easily  evaluated.  Thus,  once  a  candidate  tree  layout  is 
generated,  cost  evaluation  is  almost  immediate. 

The  problem  becomes  one  of  generating  appropriate  candidate 
tree  layouts.  Three  possible  methods  for  generating  alternative 
spanning  trees  include: 

1.  Exhaustive  enumeration 

2.  Expansion  about  the  core  tree 

3.  Expansion  about  randomly  generated  spanning  trees. 

3.5.1  Exhaustive  Enumeration 

Application  of  the  Matrix  Tree  Theorem  to  the  network  of 
potential  links  results  in  the  number  of  trees  to  be  enumerated.  If 
the  number  of  spanning  trees  is  not  excessive,  the  spanning  trees 
may  be  generated  using  existing  algorithms  [62]  and  evaluated  as 
described  above.  Ranking  the  resulting  objective  function  evalua¬ 
tions  in  increasing  order  will  give  the  network  designer  a  complete 
picture  of  the  relative  costs  of  potential  network  layouts.  This 
aids  the  designer  in  selecting  a  set  of  layouts  for  further 


evaluation  that  have  desirable  but  not  easily  quantifiable  design 
characteristics  and  are  inherently  economical. 
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3.5.2  Expansion  About  Core  Tree 

Cembrowicz  and  Harrington  [36]  noted  in  their  studies  of 
numerical  examples  a  strong  correlation  between  costs  and  similar 
tree  structures.  A  close  examination  of  the  tree  layouts  (Figure 
3-6)  and  the  associated  costs  in  Table  3-2  confirms  this  observation. 
Thus,  it  appears  reasonable  to  consider  using  the  core  tree  as  a 
seed  to  generate  other  low  cost  tree  layouts. 

Consider  the  minimum  cost  tree  for  the  distribution  system 
of  Figure  3-1  shown  in  Figure  3-7  and  the  corresponding  optimal 
shortest  path  tree  or  linear  minimum  cost  flow  solution.  There  are 
two  non-tree  links,  7  and  8,  not  in  the  network  and  each  link  can 
have  flow  in  two  directions.  Thus,  ignoring  the  possibility  of 
existing  tree  links  reversing  flow  direction,  there  are  4  nonbasic 
variables  (nontree)  (Q7A>  Q7g,  QgA,  and  Q8g)  that  can  enter  the 
basis  (network).  Since  there  can  be  only  NNODE  -  1  basic  variables 
(tree  links)  and  there  are  no  upper  bound  flow  capacity  constraints, 
entrance  of  Q7A  ,  Q7g,  Q^,  or  Q8g  must  force  another  basic  variable 
(tree  link),  Q_,  Q. ,  or  Q,  to  zero  and  out  of  the  basis  (tree).  Let 

L  4  0 

nonbasic  (non-tree)  variable  Q  enter  the  basis  (tree)  forming 

J 


1 

\ 

i 

i 

I 

i 


88 

loop  i.  The  increase  in  the  objective  function  value,  Az,  can  be 
computed  exactly  as 

Az  =  C.  A  Q.  (3-35  ) 

J  i 

where  C.  is  the  reduced  cost  of  nonbasic  (non-tree)  variable  j  and 
AQ^.  is  the  change  in  loop  i's  flow  resulting  from  link  j 
entering  the  tree.  AQ .  is  equal  to  both  the  flow  in  the  primary 
link  that  is  leaving  the  tree  (basis)  and  the  external  demand  at 
the  node  being  serviced  by  the  entering  link.  For  the  shortest  path 
tree  problem  external  demands  are  all  equal  to  one  unit  of  flow. 

The  value  of  can  be  computed  directly  from  the  lengths  of  the 
links  in  the  unique  loop  formed  by  link  j  entering  the  network 
and  the  direction  of  flow  on  the  link.  Assuming  there  are  NLINK 
total  links,  the  estimated  cost  of  2  (NLINK  -  NNODE  +  1)  tree  lay¬ 
outs,  i.e.,  two  per  unique  loop,  differing  from  the  core  tree  by  a 
single  link  can  be  exactly  evaluated  with  little  computational 
effort.  For  the  nonlinear  cost  objective  function  the  cost  esti¬ 
mates  can  be  performed  using  the  reduced  costs  in  the  approximation 
linear  program  but  clearly  the  results  are  not  exact. 

In  a  similar  manner,  the  more  promising  of  the  2  (NLINK  - 
NNODE  +  1)  can  be  used  to  generate  more  alternative  layouts. 
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However,  care  should  be  taken  to  avoid  regenerating  trees  previously 
examined  and  creating  a  cycle. 

3.5.3  Expansion  About  Random  Tree 

Instead  of  expanding  only  about  the  core  tree  (an  inherently 
low  cost  tree)  other  spanning  trees  can  be  considered.  Either 
systematical ly  or  randomly  a  set  of  spanning  trees  can  be  generated 
and  the  expansion  process  described  above  can  be  performed  with  each 
tree  in  the  initial  set  acting  as  a  seed  for  generating  other  poten¬ 
tial  trees.  This  tree  generation  and  evaluation  process  can 
terminate  when  the  designer  feels  he  has  considered  the  major  types 
of  tree  structures  in  the  potential  layout. 


CHAPTER  4 


SELECTION  OF  REDUNDANT  LINKS 


4. 1  Introduction 

Given  the  layout  of  the  core  tree  from  the  top  level  model, 
the  next  level  in  our  hierarchical  system  of  models  is  concerned 
with  selecting  the  loop-forming  redundant  links  to  complete  the  net¬ 
work  layout.  This  chapter  examines  the  role  of  the  redundant  links 
in  the  operation  of  a  water  distribution  system,  discusses  the  major 
factors  in  redundant  link  selection  and  presents  two  alternative 
models  developed  to  assist  the  water  distribution  system  designer 
in  selecting  the  redundant  links.  To  simplify  the  presentation  the 
first  part  of  the  chapter  assumes  a  single  source  distribution  sys¬ 
tem.  Section  4.4.4  discusses  extension  of  the  models  developed  to 
multiple  source  systems. 

4.2  Role  of  Redundant  Links 

Considering  only  the  capital  and  operating  costs  of  a  water 
distribution  system,  the  results  of  Theorem  I  appear  to  imply  that 
redundant  links  serve  little  use  except  to  add  cost  to  the  system. 


90 


91 


However,  such  is  not  the  case.  The  loops  formed  by  the  addition  of 
redundant  links  serve  the  following  functions: 

1.  Reduce  water  stagnation  by  providing  for  improved  circula¬ 
tion  of  water  in  the  network. 

2.  Retard  accumulation  of  sediment  in  the  pipes. 

3.  Facilitate  cleaning  of  pipe  sediment  thereby  increasing  the 
smoothness  of  the  pipe  and  reducing  frictional  energy  losses. 

4.  Provide  an  alternate  path  from  the  source  node  to  the  demand 
nodes  in  case  of  primary  link  failure. 

While  not  attempting  to  minimize  the  maintenance-related  benefits 
of  loops,  the  principal  function  of  redundant  links  is  to  maintain 
continuity  of  service  to  demand  nodes  cut  off  from  the  source  by 
failure  of  a  primary  link.  Failure  of  water  mains  are  usually 
attributed  to  one  or  more  factors,  which  occur  either  by  themselves 
or,  more  often,  in  combination.  Some  of  these  factors  are  improper 
installation,  external  corrosion,  internal  corrosion,  soil  movement, 
temperature  changes,  manufacturing  defects,  water  hammer,  and  mis¬ 
cellaneous  impacts  [63].  Water  hammer  is  extremely  high  pressure 
caused  by  the  sudden  closing  of  a  valve  or  the  shutdown  of  a  pump. 
Impacts  are  usually  the  result  of  excavation. 

In  a  fully  looped  water  distribution  system  (usually  found 
in  municipalities)  upon  detection  of  a  broken  link,  the  shutoff 


i 

> 
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valves  adjacent  to  the  break  are  closed.  This  isolates  the  broken 
section  and  prevents  any  further  loss  of  water  and  property  damage. 
Depending  on  the  particular  system  and  the  type  of  area  (residential, 
mercantile,  or  industrial),  isolation  valves  may  be  spaced  several 
hundred  to  a  few  thousand  feet  apart.  Because  of  the  redundant 
links,  water  service  is  cut  off  to  no  more  than  a  limited  number  of 
users.  For  example,  the  failure  of  link  3  in  the  looped  distribu¬ 
tion  system  of  Figure  4-1  results  in  the  two  isolation  valves  on 
link  3  being  shut  and  the  rerouting  of  3650  GPM  along  links  2,  7, 
and  4. 

In  a  tree  shaped  water  distribution  system  (usually  found 
in  rural  areas)  the  failure  of  a  water  main  can  have  a  considerably 
greater  impact  on  water  service.  For  example,  consider  the  tree¬ 
shaped  distribution  system  of  Figure  4-2  derived  from  Figure  4-1  by 
deleting  links  7  and  8.  The  same  failure  on  link  3  would  cut  off 
demand  to  nodes  4,  5,  6,  and  7  or  more  than  80%  of  system  demand. 

4.3  Redundant  Link  Selection  Factors 

Prior  to  formulating  a  detailed  mathematical  model  to  select 
the  redundant  links  to  complete  the  network  layout,  we  will  examine 
the  following  major  factors  that  influence  the  selection  decision: 


1.  Impact  of  primary  link  failure. 

2.  Likelihood  of  primary  link  failure. 

3.  Capability  of  redundant  links  to  maintain  service  in  case 
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of  primary  link  failure. 

4.  Cost  of  redundant  link. 

4.3.1  Impact  of  Primary  Link  Failure 

The  total  impact  of  failure  of  the  larger  diameter  primary 
link  can  be  divided  into  three  areas: 

1.  Cost  of  water  lost  prior  to  discovery  of  the  break. 

2.  Value  of  water  damage  to  surrounding  public  and  private 
property. 

3.  Unsatisfied  water  demand  while  the  failed  link  is  being 
repaired  which  can  lead  to  loss  of  goodwill. 

The  amount  of  water  lost  due  to  failure  of  a  water  main 
depends  on  several  factors  including  the  nature  of  the  failure,  the 
flow  rate  in  the  pipe,  and  the  time  it  takes  to  detect  the  break. 
Leakage  from  water  mains  is  readily  discovered  because  water  bubbles 
to  the  surface  or  can  be  detected  by  leak  detection  surveys  [63]. 

In  any  case,  the  amount  of  water  lost  in  a  break  is  not  especially 
relevant  to  selection  of  a  redundant  link  but  more  closely  related 
to  operation  and  control  of  the  water  distribution  system.  Likewise, 


property  damage  caused  by  escaping  water  depends  on  the  location  of 
the  primary  links  and  the  particular  operational  and  control  scheme 
selected. 

After  the  broken  link  has  been  detected  and  the  appropriate 
valves  closed  to  prevent  further  water  loss  and  property  damage, 
the  network  layout  and  the  time  to  repair  the  broken  section  deter¬ 
mine  the  extent  of  unsatisfied  water  damand.  Given  a  single  source 
tree-shaped  distribution  system,  computation  of  the  expected  amount 
of  unsatisfied  demand  resulting  from  failure  of  primary  link  i  is 
straightforward. 

Let  us  define  the  following  terms: 

Q^-the  average  daily  flow  rate  in  gallons  per  minute  on 
primary  link  i 

t^— the  expected  repair  time  for  restoring  service  on  pri¬ 
mary  link  i  in  minutes . 

Then  for  the  core  tree: 

u.  =  t.  Q.--the  expected  amount  of  unsatisfied  demand 

ill 

resulting  from  each  failure  of  primary  link  i 
Water  distribution  systems  are  usually  designed  to  handle  peak 
hourly  demands  which  respresent  2  to  4  times  the  average  daily  flow 
rate  [26].  The  average  daily  flow  rate  is  used  to  compute  the 
volume  of  unsatisfied  demand  since  the  expected  repair  time  is 
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24-48  hours  depending  on  the  location  of  the  failure  and  the  avail¬ 
ability  of  replacement  parts  [64]. 

When  service  is  frequently  interrupted  by  broken  link  fail¬ 
ures,  undesirable  customer  reactions  and  public  relations  result. 
Although  loss  of  customer  goodwill  is  an  intangible  consideration, 
Stacha  [63]  performed  an  empirical  cost  analysis  of  service  inter¬ 
ruptions  due  to  link  failure  and  assigned  an  inconvenience  value  in 
dollars  based  on  the  number  of  service  interruptions  per  year.  How¬ 
ever,  Stacha  makes  no  attempt  to  support  his  figures. 

Thus,  it  appears  that  the  most  appropriate  measure  of  the 
impact  of  failure  of  a  primary  link  is  the  expected  amount  of  unsat¬ 
isfied  demand.  Ideally,  one  would  desire  to  assign  utility  values 
to  varying  levels  of  unsatisfied  demand  to  use  in  making  appropriate 
cost/rel iabil ity  tradeoffs.  However,  because  of  the  lack  of  any 
widely  accepted  measure  of  the  value  of  interruptions  in  water 
service  [51],  such  an  approach  is  highly  speculative  and  lacks  firm 
empirical  support. 

4.3.2  Likelihood  of  Primary  Link  Failure 

As  discussed  above,  there  are  several  factors  which  alone 
or  in  combination  can  account  for  link  failure.  Prior  to  installa¬ 
tion  it  is  extremely  difficult  to  accurately  predict  the  individual 
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failure  rates  of  each  primary  link.  Other  than  theoretical  analyses 
of  pipe  failure  under  well  defined  flow  and  pressure  conditions,  no 
work  has  been  done  to  correlate  the  multiple  factors  involved  in 
pipe  failure  with  the  failure  rate.  The  only  available  information 
is  aggregate  historical  data  for  real  systems  and  is  usually  given 
in  the  number  of  link  failures  per  year  per  length  of  pipe  in  the 
distribution  system  [25,  63].  Thus,  it  appears  reasonable  to  assume 
that  the  number  of  link  failures  per  year  for  the  core  tree  obeys  a 
Poisson  probability  law  with  parameter 


i  e  PL 


where  X'  is  the  number  of  failures  per  year  per  length  of  pipe  and 

I 

i  e  PL 

is  the  total  length  of  the  core  tree.  Therefore,  assuming  the  fail¬ 
ure  rate  of  each  primary  link  i  is  also  proportional  to  its  length, 
the  number  of  failures  per  year  for  each  primary  link  also  obeys  a 
Poisson  probability  law  with  parameter  X'  L..  (the  expected  number 
of  failures  per  year  on  link  i).  Then,  U.  s  X'  L.  u.  ■  X'  L.  t.  Q. 


is  the  expected  amount  of  yearly  unsatisfied  demand  (gallons) 
resulting  from  failure  of  primary  link  i  . 


4.3.3  Redundant  Link  Capability 

The  capability  of  a  potential  redundant  link  to  maintain 
service  to  nodes  cut  off  by  failure  of  a  primary  link  depends  on 
the  location  and  capacity  of  the  redundant  link.  In  the  core  tree 
layout  the  failure  of  each  primary  link  disconnects  a  unique  set  of 
nodes  from  the  source.  For  example,  in  Figure  4-3  the  failure  of 
primary  link  3  disconnects  nodes  4  and  6  from  the  source  at  node  1 
and  a  total  of  350  GPM  of  flow.  Each  candidate  redundant  link  can 
be  classified  according  to  its  ability  to  reconnect  the  set  of  nodes 
disconnected  by  failure  of  each  primary  link.  For  example,  non-tree 
links  8  and  10  can  reconnect  demand  node  6  cutoff  by  failure  of  pri- 
many  link  5,  while  non-tree  links  6,  7,  and  9  cannot.  Non-tree 
links  6,  7,  and  8  can  solve  the  failure  of  primary  link  2  while 
1  inks  9  and  10  cannot. 

For  a  single  source  distribution  system  the  combined  flow 
capacity  of  the  redundant  links  serving  the  set  of  demand  nodes  cut¬ 
off  from  the  normal  primary  link  supply  path  determines  the  level 
of  service  during  the  broken  link  emergency  loading  condition. 

As  a  rule  of  thumb  [60]  the  flow  capacity  of  link  k  in  gallons  per 
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minute  with  diameter  D,  in  inches  as 

k 

QMAXr  =  10  Dk  (4-1) 

As  in  the  derivation  of  the  expression  for  expected  unsatisfied 
demand,  it  will  be  assumed  that  all  nodal  demands  are  average  daily 
demands. 

Let  us  consider,  for  example,  the  distribution  system  of 
Figure  4-3.  Assume  the  core  tree  consisting  of  primary  links  1-5 
has  been  installed  and  average  daily  demand  rates  are  shown. 

Table  4-1  presents  a  failure  analysis  for  the  primary  links  in  the 
core  tree.  Column  2  shows  the  demand  node  disconnected  as  a  result 
of  failure  of  each  primary  link,  column  3,  the  total  unsatisfied 
demand  rate,  and  column  4,  the  candidate  redundant  links  capable  of 
reconnecting  the  failure  of  each  primary  link.  To  provide  continu¬ 
ing  service  for  all  failure  modes  a  minimum  of  two  links  (8  and  9, 

6  and  10,  7  and  10,  or  8  and  10)  must  be  in  the  network.  Minimum 
pipe  diameters  installed  in  municipal  water  distribution  systems  in 
the  United  States  are  usually  6  or  8  inches  in  diameter.  Thus,  one 
feasible  solution  for  covering  expected  unsatisfied  demand  would 
be  to  install  an  8"  pipe  (640  GPM  capacity)  on  link  8  and  a  6"  pipe 
(360  GPM  capacity)  on  link  9. 
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Table  4-1 

PRIMARY  LINK  FAILURE  ANALYSIS 


Failure  of 
Primary 

Link  No. 

Nodes 

Disconnected 

Total  Unsatisfied 
Flow  Rate 
(GPM) 

Redundant 

Links 

Reconnecting 

1 

2,  3,  4,  6 

6Q0 

6,  7,  8 

2 

5 

250 

CXY 

00 

3 

4,  6 

350 

7,  8,  9,  10 

4 

3 

150 

9,  10 

5 

6 

150 

8,  10 
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4.3.4  Redundant  Link  Cost 


is 


As  discussed  in  section  3. 3. 5.1  the  capital  cost  of  link  k 


(4-2) 


Since  flow  capacity  is  a  function  of  diameter,  i.e., 
QMAXk  =  10 


(4-3) 


the  cost  of  a  link  can  be  expressed  as  a  function  of  its  capacity 


c 


k 


(4-4) 


This  result  is  similar  to  the  separable  terms  of  the  nonlinear  mini¬ 
mum  cost  flow  objective  function  (Problem  P5)  where  a  uniform 
hydraulic  gradient  was  assumed.  Thus,  a  redundant  link's  cost 
increases  nonlinearly  with  its  capacity  and  linearly  with  its  length 
Since  in  properly  designed  systems  redundant  links  function 
at  capacity  only  under  emergency  loading  conditions  (high  fire 
demand  or  broken  link),  the  diameter  of  these  links  are  usually  set 
to  some  minimal  diameter.  Usually  there  are  state  regulations  [65] 
or  municipal  design  standards  [66]  setting  mimimum  pipe  diameters. 


For  fire  insurance  ratings  the  state  board  of  insurance  will  not 
count  links  below  a  certain  diameter  (C"  or  8")  as  part  of  a  city's 
fire  protection  system  thus  increasing  the  cost  of  fire  insurance. 


4.4  Optimization  Models 

If  we  consider  the  failure  of  each  primary  link  as  a  separate 
emergency  loading  condition,  the  problem  of  selecting  redundant 
links  becomes  how  to  best  maintain  continuity  of  service  to  the 
various  sets  of  disconnected  nodes.  One  approach  would  be  to 
assume  a  certain  amount  of  funds  were  specifically  allocated  for 
redundant  links  and  to  formulate  a  0-1  knapsack  problem  for  select¬ 
ing  the  set  of  redundant  links  with  maximum  capability.  However, 
this  approach  places  an  unrealistic  burden  on  the  system  designer 
to  properly  allocate  his  total  budget  between  redundant  links  and 
all  other  system  components.  Another  potential  knapsack-type 
formulation  would  be  to  select  the  best  k  redundant  links  where 
the  objective  function  could  be  the  number  of  broken  link  loading 
conditions  covered.  Although  this  approach  is  somewhat  more  real¬ 
istic  than  the  previous  one,  it  still  assumes  that  the  user  already 
knows  the  best  level  of  looping  for  the  system.  If  k  is  set  too 
high,  the  total  system  costs  will  be  inflated  by  the  costs  of 
installing  the  excess  redundant  links  at  minimum  diameter. 
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The  optimization  approach  taken  in  the  two  models  that  were 
developed  was  to  minimize  the  costs  of  the  redundant  links  subject 
to  satisfying  all  the  broken  link  emergency  loading  conditions, 

i.e.,  providing  continuity  of  water  service  in  case  of  failure  of 
each  primary  link.  This  approach  was  selected  for  the  following 
reasons: 

1.  The  continuity  of  water  service  requirements  and  redundant 
link  costs  are  well  defined. 

2.  The  minimum  cost  approach  is  consistent  with  the  selection 
of  the  minimum  cost  spanning  tree  in  the  first  level  model. 

3.  The  resulting  network  layout  for  the  final  detailed  design 
model  is  economical  for  operating  under  both  normal  and 
broken  link  emergency  loading  conditions. 

4.4.1  Set  Covering  Model 

4. 4. 1.1  Model  Formulation 

Let  us  consider  the  following  integer  programming  model  for 
selecting  the  set  of  redundant  links: 
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PROBLEM  P6 


Minimize 


2.  s  yk 

k  e  PL 


subject  to 

>  e.,  y  >  r.  iePL 
Z-  Tk  k  =  i 

ks  PL 


(4-5) 


(4-6) 


where 


yk  =  0,  1  k£  PL 

1  if  candidate  redundant  link  k  is  in  the 
network 
0  otherwise 

ck--the  total  estimated  cost  of  including  redundant 
link  k  in  the  system  at  minimum  diameter 
1  if  candidate  redundant  link  k  is  incident  to  a 
node  in  the  set  of  demand  nodes  disconnected  by 
failure  of  primary  link  i 
0  otherwise 

r^--the  minimum  number  of  redundant  links  required  to 
reconnect  the  set  of  demand  nodes  disconnected  due  to 


failure  of  primary  link  i. 


10? 


PL— the  set  of  primary  links  in  the  core  tree 
PL— the  set  of  candidate  redundant  links 

The  objective  function  (4-5)  minimizes  the  total  cost  of 
installing  redundant  links  at  some  specified  diameter.  Because  of 
the  0-1  decision  variable  any  fixed  right  of  way  costs  can  be 
directly  incorporated  in  the  cost  coefficients.  It  is  assumed 
that  all  redundant  links  have  a  common  diameter.  The  set  covering 
constraints  (4-6)  require  that  there  are  at  least  r  redundant 
links  in  the  network  to  cover  the  failure  of  primary  link  i.  Prob¬ 
lem  P6  is  formulated  below  for  the  network  of  Figure  4-3  with 
r  =  1  for  failure  of  primary  link  i  and  redundant  link  cost 
proportional  to  link  length  L^.  The  value  of  r^  is  set  to  1 
based  on  an  8"  link  diameter  for  all  redundant  links.  Assuming  no 
abnormal  excavation  or  right  of  way  costs,  the  cost  of  links  of  the 
same  diameter  is  directly  proportional  to  its  length. 


Minimize  L4  y6  *  L?  y?  ♦  4  L,„  y,„ 


subject  to  y6  +  y7  +  y8 


>  1 

y* +  y-, +  y*  >  i 


8 


y7  +  y8  +  y9  +  y10  i  1 
*9  +  *10  -  1 

h  +J10  1  ' 


(4-7) 
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V  y7’  y8'  y9'  y10  *  0l  1 
4. 4. 1.2  Solution  Technique 

Setting  r  =  1  for  all  primary  links  requires  that  there 
be  at  least  two  different  paths  to  each  demand  node,  i.e.,  fully 
looped  network.  For  r  =  1  for  all  primary  links,  Problem  P6  is 
the  classical  weighted  set  covering  problem  which  has  been  used  for 
a  variety  of  applications  including  airline  crew  scheduling 
(Drabeyre  et  al .  [69]),  political  redistricting  (Garfinkel  and 
Nemhauser  [70]),  optimal  attack  and  defense  of  a  military  communi¬ 
cations  network  (Jarvis  [71]),  and  information  retrieval  (Day  [72]). 
Efficient  search  enumeration  techniques  are  available  for  handling 
the  size  of  problem  under  consideration  (50  rows,  100  decision 
variables )  [73],  For  at  least  one  r.  greater  than  1  and  all 
redundant  link  costs  equal,  Problem  P6  is  a  multiple  set  covering 
problem  for  which  Rao  [74]  developed  an  efficient  specialized  solu¬ 
tion  technique.  For  at  least  one  r  greater  than  1  and  redundant 
link  costs  not  all  equal  Problem  P6  becomes  a  weighted  multiple 
set  covering  problem.  Its  form  is  that  of  a  general  0-1  integer 
program  but  with  a  0-1  coefficient  matrix  and  all  greater  than  or 
equal  to  constraints.  The  resulting  problem  can  be  viewed  as  a 
simple  generalization  of  either  the  weighted  set  covering  problem 
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(all  =  1 )  or  of  the  multiple  set  covering  problem  (all  equal). 
Based  on  Forrest,  Hirsch  and  Tomlin's  computational  experience  [75] 
using  the  Dakin  branch  and  bound  technique  with  penalty  calculations 
in  which  problems  with  up  to  4000  rows  and  130  0-1  variables  were 
solved  in  times  on  the  order  of  multiples  of  two  or  three  of  the 
first  linear  program  solution  time,  it  appears  that  existing  gen¬ 
eral  0-1  integer  programming  algorithms  are  adequate  to  solve  the 
size  of  problem  under  consideration.  Because  of  the  adequacy  of 
existing  general  purpose  0-1  algorithms,  development  of  a  special¬ 
ized  algorithm  for  the  general  weighted  multiple  set  covering  prob¬ 
lems  appears  to  be  unneeded.  However,  the  algorithm  of  Lemke, 
Salkin,  and  Spielberg  [73]  for  the  weighted  set  covering  problem 
and  Rao's  algorithm  [74]  for  the  multiple  set  covering  problem 
might  be  modified  to  provide  a  more  efficient  algorithm  for  solving 
Problem  P6. 

Problem  P6  requires  the  user  to  select  r  ,  the  minimum 
number  of  redundant  links  needed  to  cover  the  failure  of  primary 
link  i.  The  selection  of  r.  is  based  on  the  impact  of  failure  of 
primary  link  i.  For  each  primary  link,  the  expected  amount  of 
unsatisfied  demand  per  year,  u..  ,  can  be  calculated  and  used  as  a 
guide  for  selecting  r..  .  A  relatively  large  u.  implies  the  need 
for  a  higher  number  of  redundant  links  covering  the  failure  of 
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primary  link  i.  However,  because  of  the  limited  availability  of 
funds  can  be  an  especially  useful  tool  in  ordering  priorities 
for  covering  primary  link  failures.  Based  on  a  very  low  value  of 
u.  compared  to  other  primary  links  and  a  high  cost  of  installing 
redundant  links  to  solve  the  failure  of  primary  link  i,  the  deci¬ 
sion  could  be  made  to  set  r.  =  0  and  not  require  that  failure  of 
link  i  be  covered.  This  situation  might  arise  for  a  small 
development  located  far  from  the  other  concentrations  of  demand. 
Looping  of  that  section  of  the  network  would  be  delayed  until  sur¬ 
rounding  areas  were  developed. 


4.4.2  Flow  Covering  Model 


4.4.2. 1  Model  Formulation 


Let  us  consider  Problem  P6  in  terms  of  the  flow  capacity  to 
the  disconnected  set  of  demand  nodes  that  the  satisfaction  of  the 
set  covering  constraints  (4-6)  implies.  Assuming  that  all  candi- 

2 

date  redundant  links  have  diameter  D,  then  all  have  capacity  10D  . 
Multiplying  both  sides  of  (4-6)  by  the  link  capacities  gives  us 


S  10D2  e.,  y.  >  10D2  r. 
^  ik  k  -  i 


(4-8) 


ke  PL 


i  e  PL 


m 


Thus,  satisfying  the  set  covering  contraints  (4-6)  in  Problem  P6 
implies  that  the  flow  capacity  of  the  redundant  links  serving  the 
set  of  demand  nodes  disconnected  due  to  failure  of  primary  link  I 
is  10  D2r.  GPM. 

i 

Next,  let  us  assume  that  instead  of  a  single  diameter  each 

candidate  redundant  link  k  has  a  set  S.  of  candidate  diameters 

k 

to  draw  from.  Further,  based  on  the  peak  hourly  demand  for  each 
node,  we  can  compute  the  average  total  demand  rate  d.  for  the  set 
of  demand  nodes  disconnected  by  failure  of  primary  link  i  in  the 
core  tree.  Expanding  on  Problem  P6,  we  have  the  following  0-1 
integer  programming  problem: 


PROBLEM  P7 


Minimize 


2  Ckj  ykj 

k  e  PL  j  £  S. 

k 


(4-9) 


1  I  eikj  hq  i  di  iePL 
k  £  PL  j  £ 


(4-10) 


I  yw 

jesk 


< 


1 


ke  PL 


(4-11) 
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where 


k  s  PL 


j  e  S 


k 


c  — the  total  estimated  cost  of  including  candidate  diame- 

KJ 

ter  redundant  link  j  e in  the  network 

1  if  candidate  redundant  link  k  with  diameter 

x  D,  .  ,  j  e  S.  is  in  the  network 
kj  J  kj  k 

0  otherwise 


e . 


i  kj 


10  D,  .  if  candidate  redundant  link  k  is  inci- 
kj 

dent  to  a  node  in  the  set  of  demand  nodes 

disconnected  by  failure  of  primary  link  i 

where  j  e  S, 
k 

otherwise 


d^.— the  minimum  total  flow  capacity  of  redundant  links 
serving  the  set  of  demand  nodes  disconnected  due  to 
failure  of  primary  link  i 

S, --the  set  of  candidate  diameters  for  candidate  redundant 
k 

link  k 


D^~ candidate  diameter  j  e 


The  flow  covering  constraint  (4-10)  serves  the  same  function 
as  the  set  covering  constraint  (4-6)  of  Problem  P6.  The  inequality 
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constraint  (4-11)  insures  that  at  most  one  pipe  diameter  is  chosen 
for  each  candidate  redundant  link. 

Problem  P7  is  formulated  below  for  the  network  of  Figure  4-3 
with  SR  =  {6,  8}  k  =  6,  7,  8,  9,  10,  i.e.,  =  6  and  =  8, 


and  ckj  *  V  .4 


Minimize  c6.  y66  *  y^  *  c?j.  yJ6  *  c_8  *n  ♦  ca6  y8(.  +  y^ 


+  C96  y96  +  C98  y98  +  C1 0,6  y10,6  +  C1.0,8  y10,8 


subject  to 


360  yg6  +  640  yg8  +  360  y?g  +  640  y?8  +  360  y. 


86 


+  640  y 


88 


>  600 


360  y66  +  640  yg8  +  360  y?6  +  640  y?8  +  360  y8g 


+  640  y 


88 


>  250 


360  y?6  +  640  y7Q  +  360  yQfi  +  640  yRa  +  360  y 


78 


86 


'88 


96 


.646  ygj.360  J,0j6*6«)  J,0>8 


>  350 


360  yg6  +  640  ygg  +  360  y10>g  +  640  y](J  g  >150 


I 
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360  %+640  %'360  y10,6+64°  y10,8 


>  150 


y66  +  y68 


<  1 


y76  +  y78 


<  1 


y36  +  y88 


<  1 


y96  +  y98 


yl0,6  +  yl  0,8 


<  1 

<  1 


y66’  y68’  y76’  y78’  y86’  y88’  Y96’  y98’  y10,6’  y10,8  '  °’  1 


As  before  the  average  daily  flow  rate  was  chosen  as  the 
value  for  d^  because  this  is  the  expected  flow  over  the  length  of 
the  emergency  loading  condition.  However,  the  system  designer  has 
the  flexibility  to  adjust  the  d  values  based  on  any  special  con¬ 
ditions  that  may  coincide  with  failure  of  a  specific  primary  link. 

It  should  be  noted  that  although  sufficient  flow  capacity 
may  be  designed  into  the  redundant  links,  there  is  no  guarantee 
that  a  primary  link  failure  will  not  result  in  some  reduction  in 
water  pressure  to  the  disconnected  set  of  demand  nodes.  The  lower 
head  results  from  both  the  higher  frictional  losses  incurred  by 
increasing  flow  rates  on  other  primary  links  and  the  fact  that 


i 


1 


* 

i 


some  of  the  water  is  no  longer  traveling  to  each  demand  node  on  the 
shortest  path.  If  there  is  a  special  concern  about  the  precise 
performance  of  the  system  due  to  the  failure  of  a  specific  primary 
link  (see  de  Neufville  et  al .  [50]),  this  failure  may  be  formulated 
as  an  emergency  loading  condition  to  be  handled  in  the  detailed 
design  phase  (see  Chapter  5).  If  deterioration  of  nodal  heads  is 
sufficiently  severe,  it  may  become  necessary  to  have  additional 
standby  pumping. 

4. 4. 2. 2  Solution  Technique 

Unlike  the  set  covering  model  (Problem  P6) ,  the  flow  cover¬ 
ing  model  (Problem  P7)  does  not  have  any  special  form  and  must  be 
classified  as  a  general  0-1  integer  program.  A  variety  of  general 
0-1  integer  programming  algorithms  are  available  to  solve  this 
problem  including  cutting  plane,  branch  and  bond,  search  enumera¬ 
tion,  and  group  theoretic  algorithms  [68]. 

4.4.3  User  Qesign  Constraints 

Because  both  redundant  link  selection  models  are  integer 


programs,  there  is  considerable  flexibility  for  incorporating  vari 
ous  user  supplied  design  constraints  into  the  model.  For  the  set 
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covering  model  (Problem  P6)  with  r  =  1  (the  simple  weighted  set 
covering  problem)  Roth  [76]  has  demonstrated  a  simple  technique  to 
incorporate  conditional  constraints  of  the  form 

-yk  *  1  yj  i  0 
J  £pLk 

where  PL  is  a  nonempty  subset  of  PL  and  k  ^  PL.  . 

Constraint  (4-12)  requires  that  if  link  k  is  in  the  network  then 

at  least  one  link  from  the  set  PL,  must  also  be  in  the  network. 

k 

The  technique  replaces  the  full  set  of  constraints  (4-6  and  4-12) 
with  an  equivalent  set  of  constraints  having  the  same  form  as  normal 
set  covering  constraints  (4-6).  Thus,  in  this  special  case  effi¬ 
cient  set  covering  algorithms  may  still  be  used. 

Constraint  (4-12)  is  a  special  case  of  the  general  set  con¬ 
straint  which  can  be  useful  in  refining  the  system  design.  Let  PL' 
be  any  subset  of  candidate  redundant  links  that  have  some  common 
property,  e.g.,  the  set  of  candidate  redundant  links  incident  to  a 
specific  node  or  a  set  of  nodes.  Constraints  of  the  form 


(4-12)  j 

I 

i 
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where  k  is  a  positive  integer,  may  be  incorporated  in  either  the 
set  or  flow  covering  models.  Although  slightly  increasing  the  com¬ 
putational  burden  of  solving  the  problem  (since  only  rows  are 
added),  such  constraints  allow  the  system  designer  to  explicitly 
incorporate  various  realistic  design  restrictions  into  the  problem. 
It  also  aids  in  accurately  assessing  the  impact  on  total  cost  aris¬ 
ing  from  such  design  restrictions  which  were  formerly  only  handled 
imp! icitly. 

4.4.4  Multiple  Source  Application 

Our  prior  analysis  had  assumed  a  single  source  distribution 
system.  Properly  located  additional  sources  can  reduce  the  require¬ 
ment  for  redundant  links  and  provide  protection  in  case  of  source 
outages.  To  illustrate  this  situation  let  us  consider  the  7-node, 
6-link,  two-source  system  in  Figure  4-4.  Node  1  is  the  principal 
supplier  for  demand  nodes  2,  3,  and  4,  and  node  5,  the  principal 
supplier  for  demand  nodes  6  and  7.  Failure  of  a  primary  link  on 
the  source-to-source  path,  links  1,  4,  and  5,  still  leaves  a  path 
of  primary  links  from  the  alternate  source  to  the  set  of  demand 
nodes  cutoff  from  their  principal  source.  Thus,  the  redundant  link 
requirements  of  the  set  and  flow  covering  models  must  be  appropri¬ 
ately  reduced.  The  purpose  of  this  section  is  to  present  a 
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procedure  for  assessing  the  impact  of  the  alternate  source  on  the 

redundant  link  requirements  and  incorporating  this  impact  into  the 

redundant  link  selection  models. 

Given  the  core  tree  for  a  multiple  source  network,  consider 

the  path  of  primary  links  connecting  any  two  adjacent  sources, 

SOURCE,  and  SOURCE  .  From  Chapter  3  we  know  that  each  demand  node 
J  k 

on  the  source-to-source  path  or  on  a  branch  from  it  has  as  its  prin¬ 
cipal  source  SOURCE,  or  SOURCE,  ,  while  the  other  source  serves  as 
J  k 

its  alternate  source.  Failure  of  primary  link  i  on  the  source- 
to-source  path  disconnects  a  unique  set  of  demand  nodes  from  their 
principal  source. 

Let  us  examine  the  problem  of  supplying  some  of  the  unsatis¬ 
fied  demand  due  to  failure  of  primary  link  i  from  the  alternate 
source  via  the  existing  source-to-source  path  of  primary  links.  It 
will  be  assumed  in  this  analysis  that  the  capacity  of  the  alternate 
source  is  not  a  limiting  factor. 

To  assist  in  this  analysis  we  will  define  the  following 

terms : 

SSP^--the  set  of  primary  links  on  the  source-to-source  path 
from  the  alternate  source  to  primary  link  i 
Q.  --the  average  flow  rate  on  link  keSSP.  subsequent  to 

i  1 

the  failure  of  primary  link  i 


-WmW:-  -  -r,w*W»  - 
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QMAX^--the  total  flow  capacity  of  link  kcSSP.  when  empty 

Then,  the  average  excess  primary  link  flow  capacity  available  in 
case  of  failure  of  primary  link  i  from  the  alternate  source  via 
the  1  inks  of  SSP.  is 


EQCAP . 


min 
ke  SSP 


(4-14) 


i.e.,  the  minimum  of  the  primary  link  excess  flow  capacities.  The 

quantity  QMAX^  -  is  the  excess  flow  capacity  on  primary  link 
i 

k  e  SSP..  The  value  of  Qk  is  computed  by  finding  the  core  tree 

l 

flow  distribution  for  average  daily  demands  at  each  node  and  then 
simulating  failure  of  link  i.  To  determine  QMAX^  an  estimate  of 
link  k's  optimal  diameter  is  required.  An  accurate  estimate  can  be 
obtained  by  solving  Problem  PI  with  no  redundant  links,  i.e.,  solv¬ 
ing  the  minimum  cost  optimization  problem  for  the  core  tree  under 
the  normal  (peak  hour)  loading  condition. 

The  resulting  EQCAP  is  then  subtracted  from  d.  (4-10) 
computed  using  the  standard  method  of  failure  analysis.  The  result 
is  that  the  minimum  total  flow  capacity  that  must  be  provided  by 
the  redundant  links,  d  ,  in  the  flow  covering  model  (Problem  P7)  is 
reduced.  Similarly,  r^ ,  the  minimum  number  of  redundant  links 
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required  to  cover  failure  of  primary  link  i  in  the  constraints 
(4-6)  of  the  set  covering  model  (Problem  P6),  may  be  appropriately 
reduced.  If  either  d..  or  r.  becomes  nonpositive,  the  contraint 
is  trivially  satisfied  and  can  be  dropped  from  the  constraint  set. 
The  above  procedure  is  repeated  for  each  primary  link  on  all 
source-to-source  paths  in  the  core  tree. 

The  primary  link  where  EQCAP^  is  attained  is  the  limiting 
component  or  bottleneck  for  alternate  source  supply.  It  may  be 
less  expensive  to  build  additional  flow  capacity  into  an  existing 
source-to-source  primary  link  than  to  install  a  new  or  larger  capa¬ 
city  redundant  link.  Next,  we  will  discuss  how  the  alternative  of 
setting  minimum  capacities  (diameters)  for  primary  links  on  the 
source-to-source  path  can  be  incorporated  into  the  flow  covering 
model  (Problem  P7). 

Let  link  k  be  the  bottleneck  link  for  primary  link  i  and 
link  j  be  the  link  having  the  second  least  excess  capacity  in 
case  of  primary  link  i  failure,  i.e.,  the  secondary  bottleneck. 
Assuming  we  fix  the  capacity  of  link  j  ,  the  secondary  bottleneck, 
the  quantity 

QMAX .  -  Q.  -  EQCAP .  =  QMAX .  -  Q.  -  QMAX  +  Q 

J-J-j  T  JJ.j  KK. 

is  the  maximum  additional  flow  capacity  that  can  be  added  to  link  k 
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for  link  k  to  remain  the  bottleneck  for  link  i  failure.  To 
determine  the  exact  associated  increase  in  diameter  of  link  k, 
we  can  solve  the  quadratic  equation 


>°  <°k  * 


\D.  )  =  QMAX  . 

k  j 


(4-15) 


wnere  0.  is  the  estimated  diameter  of  link  k  obtained  from  the 
k 

minimum  cost  core  tree  optimization.  However,  since  the  pipe 

diameters  are  discrete  and  pipe  cost  is  a  nonlinear  function  of 

diameter  (capacity),  consider  increasing  the  diameter  of  link  k 

to  each  commercially  available  diameter  between  the  current  diameter 

D,  and  the  next  commercially  available  diameter  above  D,  +  AD,  . 
k  k  k 

For  each  of  these  diameters,  D,  .  ,  j  e  S  ,  the  gain  in  flow  capa- 

K  J  K 

city  is  equal  to 


10  Dk.  -  QMAXk  If  0k.  <  0k  *  4Dk  and 


q«AX.  -  0^  -  Q«AXk  *  gkj  if  Dk.>Dk*40k 

The  additional  cost  of  replacing  a  link  of  diameter  with  a  link 

of  diameter  0,  .  is 
kj 
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To  allow  us  to  compute  the  correct  value  of  the  additional 
flow  capacity  on  the  source-to-source  path  to  link  i  we  had  to 
assume  that  the  capacity  of  the  secondary  bottleneck,  link  j  ,  the 
reference  link,  remains  constant.  If  link  j  is  not  a  bottleneck 
link  for  the  failure  of  some  other  primary  link  or  the  increases  in 
0^  are  limited  such  that  link  k  remains  the  bottleneck  link  for 
primary  link  i  ,  then,  using  the  added  flow  capacities  and  costs 
defined  above,  primary  link  k  may  be  treated  just  like  any  other 
redundant  link  and  included  directly  in  the  flow  covering  constraint 
for  primary  link  i. 

The  case  in  which  link  j  ,  the  secondary  bottleneck  link, 
is  a  bottleneck  for  another  primary  link  greatly  complicates  the 
problem;  the  reference  capacity  for  the  bottleneck  link  becomes  a 
decision  variable.  Attempts  to  incorporate  this  case  into  the  flow 
covering  model  result  in  constraints  that  are  the  product  of  two 


0-1  variables.  Separability  of  the  resulting  y^  y.  terms  can  be 

-  2  -  2 

induced  by  the  substitution  y^  y  =  y^  -  y^  ,  and  adding  the 

constraints  y  s  1  (y.  +  y.)  and  y.  =  1  (y.  -  y.).  The  new  deci- 
KcKJ  J  £  K  J 

sion  variables  y^  can  only  assume  discrete  values  of  0,  j,  and  1 


1  1 


and  y.  of  0,  j,  -  j,  and  1.  Thus,  the  flow  covering 
J  —  — 


model 


(Problem  P7)  would  become  a  nonlinear  integer  program. 
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However,  because  of  the  relatively  small  number  of  decision 
variables  affected  by  this  case  and  the  considerable  additional  dif¬ 
ficulty  and  effort  to  develop  an  algorithm  to  solve  this  problem, 
it  appears  that  selective  enumeration  is  the  most  appropriate  solu¬ 
tion  technique.  This  procedure  involves  systematically  fixing  the 
diameters  of  links  that  were  both  primary  and  secondary  bottlenecks 
at  current  or  higher  diameters,  solving  the  resulting  flow  covering 
model  (Problem  P7)  and  finally  comparing  the  optimal  objective 
values  taking  into  account  the  added  cost  and  capacity  of  links  set 
above  current  diameters. 

Let  us  consider  applying  the  above  procedure  to  the  11 -node, 
21 -link  network  of  Figure  4-5  supplied  from  nodes  SI  and  S2.  The 
core  tree  consists  of  links  1-10  and  the  candidate  redundant  links 
11-21.  The  average  daily  flow  distribution  depicted  in  the  figure 
shows  that  SI  is  the  principal  source  for  nodes  1,  2,  3  and  5  and 
S2  for  the  remaining  5  demand  nodes.  Assume  that  minimum  cost 
optimization  of  the  core  tree  results  in  optimal  diameters  of  14, 

10,  6,  and  12  inches  for  links  1,  4,  6,  and  10,  respectively. 

Table  4-2  shows  the  calculation  of  EQCAP^.  Based  on  the  results 
of  Table  4-2,  the  alternative  to  increase  the  minimum  diameters  of 
the  bottleneck  links,  4  and  6,  should  be  incorporated  into  the  flow 
covering  model  (Problem  P7). 


-Mi 
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Table  4-2 

PRIMARY  LINK  BOTTLENECK  ANALYSIS 
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4.4.5  Comparison  of  Models 

The  set  and  flow  covering  models  will  be  compared  on  the 
basis  of  utility,  ease  of  formulation,  and  ease  of  solution. 

Problem  P6,  the  set  covering  model,  handles  the  problem  of 
covering  the  failure  of  primary  links  by  explicitly  focusing  on  the 
quantity  of  redundant  links  required  and  only  implicitly  consider¬ 
ing  the  flow  capacity  provided  by  the  redundant  links.  On  the  other 
hand,  Problem  P7,  the  flow  covering  model,  explicitly  takes  into 
account  the  minimum  flow  capacities  which  the  redundant  links  must 
provide  in  case  of  each  primary  link  failure.  Consequently,  the 
flow  covering  model,  provides  a  solution  which  specifically 
addresses  the  concerns  expressed  by  previous  researchers  (Wantana- 
data  [40]  and  Alperovits  and  Shamir  [46])  over  what  diameter  to 
select  for  the  redundant  links  in  order  to  provide  a  well-defined 
level  of  reliability.  Thus,  the  solution  of  Problem  P7  which  pro¬ 
vides  both  the  optimal  redundant  links  and  their  minimum  diameters 
is  significantly  more  useful  to  the  system  designer. 

The  formulation  of  the  coefficients  of  the  covering  con¬ 
straints  for  both  models,  (4-6  and  (4-10),  is  similar  since  the 
basic  failure  analysis  is  the  same.  The  flow  covering  model 
elaborates  upon  the  0-1  covering  matrix  of  the  set  covering  model 
by  incorporating  capacities  of  redundant  links  and  allowing  a  choice 
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of  redundant  link  diameters  (capacities).  Because  of  the  more  pre¬ 
cise  nature  of  the  flow  covering  approach  to  solving  the  broken  link 
emergency  condition,  the  selection  of  the  minimum  flow  capacity 
requirement  for  each  primary  link  failure,  d. ,  in  the  flow  covering 
model  can  be  defined  in  a  much  less  arbitrary  manner  than  the  mini¬ 
mum  number  of  redundant  links  required,  r  ,  in  the  set  covering  model. 

Analysis  of  the  structure  and  size  of  the  constraint  sets 
reveals  that,  in  general,  the  set  covering  model,  is  somewhat  easier 
to  solve  than  the  flow  covering  model.  The  constraint  set  of  Prob¬ 
lem  P6  is  identical  to  the  standard  set  covering  problem  and  as 
previously  discussed  may  be  solved  efficiently  using  special  tech¬ 
niques.  Except  in  the  special  case  where  it  is  equivalent  to  a  set 
covering  problem,  i.e.,  each  candidate  redundant  link  has  only  a 
single  candidate  diameter,  the  flow  covering  model  is  a  general  0-1 
integer  programming  problem  requiring  more  complex  solution  tech¬ 
niques.  Furthermore,  the  flow  covering  model  requires  an  additional 
| PL |  equality  constraints  (4-11).  More  important  from  a  computa¬ 
tional  viewpoint  a  total  of 

I_  IV 

ke  PI 

decision  variables  are  needed  for  the  flow  covering  model  whereas 


i 
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only  5  PL  j  are  required  for  the  set  covering  model.  The  computa¬ 
tional  results  of  applying  a  general  purpose  0-1  integer  programming 
code  using  both  models  on  a  realistic  size  problem  "/ill  be  presented 
in  Chapter  6.  Thus,  the  question  of  which  is  the  superior  model 
hinges  on  the  value  of  the  additional  information  obtained  from  the 
flow  covering  model  (Problem  P7)  versus  the  increased  computational 
cost  of  solving  this  more  complex  problem. 


CHAPTER  5 


DETAILED  SYSTEM  DESIGN 


5. 1  Introduction 

Given  the  total  network  layout  (including  the  minimum 
diameters  for  all  redundant  and  certain  primary  links),  the  purpose 
of  the  third  level  model  of  the  hierarchical  system  is  to  assist  the 
water  distribution  system  designer  in  the  detailed  system  design. 

The  detailed  system  design  involves  selecting 

1.  Link  diameters 

2.  Pump  capacity  and  arrangement 

3.  Height  of  elevated  storage  reservoirs. 

After  discussing  emergency  loading  conditions,  we  will  present  the 
mathematical  model  developed  to  solve  the  detailed  design  problem 
including  the  solution  technique  and  its  application  to  a  small  exaim 
pie  problem. 

5.2  Emergency  Loading  Conditions 

To  insure  reliable  water  distribution  the  system  must  be 
designed  to  accommodate  the  range  of  expected  emergency  loading 
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conditions.  The  major  types  of  emergency  loading  conditions  to  be 
considered  are: 

1.  Broken  primary  links 

2.  Fire  demands 

3.  Pump/power  outages 

Each  of  the  above  conditions  will  be  examined  with  an  emphasis  on 
describing  its  impact  on  the  system,  developing  relevant  measures 
of  system  performance,  and  designing  into  the  system  the  capability 
to  handle  the  emergency  loading  condition. 

5.2.1  Broken  Primary  Link 

As  discussed  in  Chapter  4  the  major  impact  of  a  broken  pri- 
many  link  is  the  interruption  or  reduction  in  flow  to  the  set  of 
demand  nodes  serviced  by  the  primary  link.  The  set  covering  model 
(Problem  P6)  and  the  flow  covering  model  (Problem  P7),  developed  in 
Chapter  4,  insure  that  sufficient  flow  capacity  is  built  into  the 
critical  links  of  the  system,  redundant  and  primary,  to  provide 
acceptable  performance  at  minimum  cost  in  case  of  primary  link 
failure. 

A  secondary  measure  of  performance,  first  used  by  de  Neuf- 
ville  et  al.  [50],  is  the  pressure  at  the  demand  nodes.  Theoreti¬ 
cally,  the  detailed  design  model  could  also  consider  the  failure 
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of  each  primary  link  as  a  separate  loading  condition  and  use  some 
function  of  nodal  pressures  as  the  measure  of  performance.  However, 
the  computational  burden  of  solving  such  a  large  problem  would  be 
prohibitive  and  the  potential  for  distortion  of  the  link  design 
under  such  a  multitude  of  diverse,  unusual  flow  conditions  is  con¬ 
siderable.  Nevertheless,  to  illustrate  its  proper  treatment  we  will 
analyze  and  solve  a  detailed  design  problem  with  a  single  primary 
link  failure  in  Section  5.5.4. 

5.2.2  Fire  Demand 

The  performance  of  a  water  distribution  system  during  a  fire 
is  critical  because  of  its  impact  on  loss  of  life  and  property.  The 
potential  for  property  loss  is  best  reflected  in  the  cost  of  fire 
insurance.  In  most  U.S.  cities  fire  insurance  rates  are  a  function 
of  the  level  of  fire  protection  as  defined  by  the  Insurance  Services 
Office  (ISO).  Most  municipalities  are  graded  by  the  ISO  and  classi¬ 
fied  according  to  the  quality  of  their  fire  protection.  The  ISO's 
grading  schedule  [77]  rates  the  following  five  areas: 

1.  Water  distribution  system 

2.  Fire  department 

3.  Fire  service  communi cations 


4.  Fire  safety  control 

5.  Miscellaneous  additional  areas 

The  water  distribution  system  accounts  for  30  percent  of  the  rating. 
Municipalities  which  the  ISO  assesses  as  having  better  fire  protec¬ 
tion  benefit  from  lower  insurance  rates.  Total  fire  protection  cost 
is  the  sum  of  both  the  tax  dollars  spent  for  fire  protection  services 
(public  expenditures)  and  fire  insurance  premiums  paid  by  residences 
and  businesses  (private  expenditures).  Seward,  Plane  and  Hendrick 
[78]  developed  a  0-1  integer  programming  model  for  allocating  public 
funds  among  various  fire  service  projects  to  achieve  a  .pecified  ISO 
rating  at  minimum  cost.  Thus,  the  performance  of  the  water  distri¬ 
bution  system  under  the  expected  fire  demand  loading  is  a  major  con¬ 
cern  of  the  system  designer. 

A  fire  requires  a  high  flow  rate  of  water  concentrated  at  a 
single  demand  node  for  several  hours.  The  major  concern  and  princi¬ 
pal  measure  of  performance  in  the  fire  demand  loading  condition  is 
delivering  the  required  flow  rate  at  sufficient  pressure  to  be  used 
by  the  fire  fighting  equipment.  The  ISO  [77]  provides  guidelines 
for  estimating  fire-flow  requirements  and  duration  at  various  loca¬ 
tions  throughout  a  municipality.  Their  formulas  for  computing  fire- 
flow  requirements,  originally  based  strictly  on  population,  have  in 
recent  years  been  modified  to  take  into  account  the  varying  fire- 
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flow  requirements  of  the  commercial,  industrial,  warehousing,  insti¬ 
tutional,  apartment,  and  dwelling  districts  in  a  city.  The  pressure 
requirements  at  the  fire  demand  node  may  vary  considerably  based  on 
the  type  of  fire  pumping  equipment  used  and  the  height  of  the  build¬ 
ings  in  the  particular  district. 

To  deliver  the  required  fire  demand  flow  rate  over  the 
expected  period  of  time  requires  sufficient  water  in  storage  over 
and  above  normal  peak  hour  demands  and  for  pumping  systems  may 
require  additional  standby  pumps.  Three  possible  methods  exist  for 
the  distribution  system  to  provide  the  necessary  pressure  [24]: 

1.  The  maintenance  of  sufficient  pressure  in  the  mains  at  all 
times  for  direct  hydrant  service  for  hose  streams. 

2.  The  use  of  emergency  fire  pumps  to  boost  the  pressure  in  the 
distribution  system  during  fires. 

3.  The  use  of  a  separate  high-pressure  distribution  system  for 
fire  protection  only. 

Typically,  municipalities  [66]  and  state  regulations  [65]  set  mini¬ 
mum  pressure  levels  (e.g.,  46  feet),  that  the  distribution  system 
must  maintain  under  all  expected  emergency  loading  conditions. 


5.2.3  Pump/Power  Outage 

The  horizontal  centrifugal  pump  is  the  most  commonly  used 
pump  for  waterworks  duty  because  of  its  low  cost  and  the  great  vari¬ 
ety  of  designs  available  to  meet  a  wide  range  of  pumping  conditions 
[25].  Unscheduled  shutdowns  are  usually  due  to  problems  with  the 
pump's  seals,  packing,  bearings,  or  balancing  [79].  Unlike  other 
industrial  equipment  there  is  little  published  data  on  the  mathemat¬ 
ical  availability  of  pumping  equipment  [79].  Messina  [79]  suggests 
using  an  availability  of  99.3  percent  for  centrifugal  pumps  for  the 
purpose  of  evaluating  alternative  pumping  arrangements. 

The  impact  of  unscheduled  pump  shutdowns  on  a  water  distri¬ 
bution  system  depends  on  the  system  demand,  the  number  of  pumps  and 
their  arrangement,  and  the  time  to  repair  the  failed  pump.  The 
potential  impacts  of  pump  failure  include  shortfalls  in  water  supply 
and/or  reduction  in  nodal  pressures.  Damelin,  Shamir,  and  Arad  [51] 
have  concluded  that  for  municipal  water  distribution  systems,  the 
economic  value  of  shortfalls  in  supply  cannot  be  determined  as  a 
function  of  their  magnitude  and  time  of  occurrence.  Therefore, 
based  on  the  lack  of  adequate  pump  failure  data,  the  difficulty  in 
evaluating  the  economic  impact  of  pump  failures,  the  great  variety 
of  possible  series  and  parallel  pumping  arrangements,  and  the 


* 


136 


inherent  uncertainty  in  the  design  of  a  new  distribution  system, 
standard  guidelines  [26]  were  consulted  to  determine  the  initial 
number  of  primary  pumps  for  normal  (peak  hour)  demand.  The  number 
and  capacity  of  standby  pumps  will  be  determined  by  applying  the 
basic  fire  demand  loading  with  selected  pump(s)  out  of  service  in 
accordance  with  standard  fire  insurance  rating  requirements  [80]. 
Both  the  number  of  primary  and  standby  pumps  and  their  capacities 
can  be  varied  parametrically  to  properly  assess  the  appropriate 
tradeoff  between  cost  and  reliability. 

The  possibility  of  an  electrical  power  outage  for  the  dis¬ 
tribution  system  heavily  dependent  on  pumping  demonstrates  the  need 
for  standby  pumping  that  uses  an  alternate  power  source  such  as 
gasoline  or  diesel  fuel.  The  motors  for  these  standby  pumps  are 
less  efficient  than  the  electrical  motors  normally  used,  thus  reduc¬ 
ing  the  overall  efficiency  of  the  pump-motor  combination  and 
increasing  their  costs. 

5.3  Description  of  Mathematical  Model 

In  order  to  fully  describe  the  detailed  design  model  we  will 
formulate  the  mathematical  model  for  a  small  example  distribution 
design  problem.  The  distribution  system  and  the  associated  normal 


137 


and  emergency  loading  conditions  were  selected  to  illustrate  the  full 
capability  of  the  model.  This  section  will  conclude  with  a  formal 
statement  of  the  mathematical  model. 

5.3.1  Example  Distribution  System 

The  layout  of  the  example  distribution  system  is  pictured  in 
Figure  5-1 . 

5.3. 1 . 1  Nodes 

The  system  consists  of  8  nodes,  6  demand  nodes  and  2  source 
nodes.  The  source  at  node  1  is  an  elevated  storage  reservoir  and 
there  is  a  pumping  station  at  the  source  at  node  8. 

5. 3. 1.2  Links 

The  lengths  of  the  9  links  are  also  given  in  Figure  5-1. 
Applying  the  shortest  path  tree  model  (Problem  P3)  with  source  capa¬ 
bilities  and  normal  nodal  demands  as  shown  in  Figure  5-2,  the  core 
tree  for  source  node  1  and  demand  nodes  2,  3,  4,  and  5  consists  of 
links  1,  2,  3,  and  4.  For  source  node  8  and  demand  nodes  6  and  7 
the  core  tree  consists  of  links  6  and  9.  Connecting  the  separate 
trees  using  link  5,  the  shortest  link  between  the  two  trees,  we  have 
the  core  tree  for  the  total  system  consisting  of  primary  links  1,  2, 
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3,  4,  5,  6,  9,  and  the  redundant  links  7  and  8.  The  same  results  are 
obtained  using  the  nonlinear  minimum  cost  flow  model  (Problem  P5). 
Identification  of  the  core  tree,  even  in  the  case  where  the  network 
layout  is  given,  is  very  useful  in  selecting  a  good  initial  flow 
distribution  for  the  normal  loading  condition  for  the  solution  algo¬ 
rithm,  i.e.,  by  concentrating  the  majority  of  flow  in  the  primary 
1  inks . 

5. 3. 1 . 3  Pumps 

Based  on  guidelines  from  A1 -Layla  et  al.  [26],  a  total  of 
4  pumps,  3  fixed  speed  pumps  with  identical  flow  and  head  lift 
capacities  and  a  variable  speed  (flow)  standby  pump  are  used  at 
node  8.  All  pumps  are  designed  to  operate  in  parallel  with  each 
ether;  thus,  the  total  flow  output  of  the  pump  station  is  the  sum 
of  the  flows  of  each  of  the  pumps  and  the  pumps  operate  at  a  common 
head  lift.  Pumps  operating  in  series  add  their  head  lifts  and  each 
pump  has  the  same  flow  rate.  The  standby  pump  must  be  designed  to 
be  capable  of  replacing  the  normal  pumps  under  normal  loading  con¬ 
dition  and  provide  the  additional  flow  requirements  of  the  fire 
demand  loading  conditions.  These  two  flow/head  lift  operating 
points  can  be  used  to  develop  the  standby  pump's  operating 


characteristic  curve.  A  typical  pump  characteristic  curve  is  shown 


in  Figure  5-3. 

5. 3. 1.4  Elevated  Storage 

The  capacity  of  the  elevated  storage  reservoir  at  node  1  has 
been  designed  to  satisfy  demand  at  its  associated  demand  nodes  and 
provide  a  certain  amount  of  fire  demand  flow  to  assist  in  fighting 
fires  at  all  demand  nodes.  The  elevation  at  node  1  is  the  height  of 
the  water  level  in  the  reservoir  which  varies  over  the  course  of  the 
day.  The  assumed  elevation  of  node  1  for  each  of  the  normal  and 
emergency  loading  conditions  is  based  on  the  nature  of  the  loading 
condition.  For  example,  for  the  broken  link  loading  condition  a 
time  weighted  average  value  can  be  used.  The  maximum  height  that 
the  storage  can  be  elevated  is  50  feet. 

5. 3. 1.5  Loading  Conditions 

5. 3. 1 . 5. 1  Normal 

The  peak  hour  demand  loading,  shown  in  Figure  5-2,  is  the 
single  normal  loading  condition.  There  are  several  good  references 
to  assist  the  designer  in  estimating  normal  demand  requirements  [1, 
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24,  25,  26,  27,  28,  65].  The  three  parallel  pumps  are  assumed  to 
be  operating  at  maximum  flow/head  lift  capacity. 

5. 3. 1.5. 2  Emergency 

The  model  formulation  presented  in  the  following  sections 
is  based  on  the  single  fire  demand  emergency  loading  condition  shown 
in  Figure  5-4.  An  additional  emergency  loading  condition,  failure 
of  primary  link  3,  shown  in  Figure  5-5,  will  be  added  to  the  model 
during  solution  of  the  example  problem  in  section  5.5.4.  Using  zon¬ 
ing  maps  and  ISO  guidelines  [77],  the  required  fire  flow  at  each 
demand  node  can  be  estimated.  A  comparison  of  the  severity  of  fire 
demand  at  each  node  taking  into  account  the  fire  flow  demands,  the 
proximity  of  the  node  to  a  source,  and  the  relative  nodal  elevation 
allows  the  system  designer  to  select  the  appropriate  fire  demand 
loading  condition(s)  for  the  detailed  design  model.  For  a  munici¬ 
pality  the  controlling  fire  demand  requirement  is  usually  located  in 
the  downtown  district.  Consistent  with  fire  insurance  guidelines 
[80],  the  fire  flow  requirements  are  added  to  the  peak  hourly  demand 
loading  and  one  of  the  normal  pumps  is  assumed  to  be  out  of  service. 
Thus,  the  variable  speed  standby  pump  must  be  capable  of  replacing 
the  flow  normally  provided  by  the  out-of-service  pump  and  node  8 ‘ s 
share  of  the  3000  GPM  fire  demand  at  node  6. 
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5.3.2  Constraints 

In  this  section  each  type  of  constraint  will  be  illustrated 
by  deriving  the  corresponding  constraint  for  the  mathematical  model 
of  the  example  distribution  system  design  problem  shown  in  Table  5-1. 


5. 3.2.1  Normal  Loading  Pressure  Constraints 

Under  normal  loading  conditions,  the  pressure  or  head  at 
each  demand  node  i  must  exceed  a  minimum  level  HMIN..  Municipal 
[66]  and  state  [65]  regulations  mandate  this  requirement.  The  min¬ 
imum  pressure  level  (usually  85-105  feet)  is  assumed  to  provide 
adequate  water  pressure  to  the  individual  consumer.  Because  of 
individual  consumer  needs,  minimum  pressure  requirements  may  vary 
within  the  same  system. 

To  define  the  head  at  each  demand  node,  i.e.,  nodes  2-7,  a 
head  path  constraint  must  be  written  starting  at  a  node  with  a 
known  head,  i.e.,  nodes  1  or  8,  describing  the  head  losses  and  gains 
along  the  path  of  nodes  and  links  to  each  demand  node. 

We  know  that  the  head  loss  on  link  k  on  loading  i  is 
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Table  5-1  continued 
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where  link  k  has  a  single  diameter  . 

Head  gains  are  provided  by  elevated  reservoirs  and  pumps.  The  addi¬ 
tional  head  XS^  provided  by  elevated  reservoir  k  at  a  source 
node  represents  the  height  added  by  the  structure  supporting  the 
reservoir.  Likewise,  XP^U)  is  the  head  lift  added  by  pump  k  on 
loading  l  .  The  resulting  combination  of  flows  and  head  lifts  of 
a  pump  over  all  loading  conditions  can  be  used  to  define  the  pump's 
desired  characteristic  curve. 

Thus,  from  Figure  5-2  the  head  at  node  4  under  the  normal 
loading  (loading  1 )  is 


H4(l)  =  (1 )  -  EL4  -  AHF1 ( 1 )  -AHF3(1) 


EL]  +  XS]  -  EL4  -  AHF1 (1 )  -  AHF3(1)  (5-2) 


(EL-j  -  EL4)  +  XS]  - 


Kn  [Q1(l)]nL1  k3  [Q3(l)]nl3 


,m 


D' 


.m 


The  quantity  EL^  -  EL4  is  the  potential  energy  of  water  at  node  4 
referenced  to  node  1 . 

The  head  at  node  4  could  instead  be  referenced  to  node  8  as 


follows: 
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(5-3) 

K6  [Q6(1)]ni6  + 

oT 
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where  XP^(l)  is  the  common  head  provided  by  the  three  parallel 
pumps  at  the  pump  station.  Since  the  three  identical  pumps  are 
operating  in  parallel,  each  pump  provides  one-third  of  the  total 
flow  capacity  at  the  same  head  lift. 

Instead  of  each  link  having  a  pipe  of  only  a  single  diameter, 
define  as  the  set  of  candidate  diameters  that  segments  of  link 
k  may  assume.  Standard  adaptors  can  be  used  to  connect  pipes  of 
different  diameters.  For  example,  for  link  3,  segments  of  pipe  with 
14  or  16  inch  diameter  may  be  combined  to  make  up  its  1000  foot 
length. 

Let  XLkj.  be  the  length  of  pipe  of  diameter  j  e  to  place  < 

on  link  k  .  S^  is  a  subset  of  the  commercially  available  pipe 
diameters.  S^  may  be  restricted  to  satisfy  the  minimum  diameter 
requirements  for  broken  link  emergency  loading  conditions,  statutory 
regulations  [65],  and  minimum  and  maximum  normal  hydraulic  gradient 
(velocity)  limits  on  normal  loading  link  flow.  Furthermore,  due  to 

a 

i 
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i 
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H4(l)  =  (ELg  -  EL4)  +  XP1 (1 )  - 


k9  [Q9(i)A9 
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computational  considerations  the  specific  link  diameters  from 
used  in  the  model  at  any  instant  may  be  limited  and  changed  as 


(5-5) 
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computational  considerations  the  specific  link  diameters  from 
used  in  the  model  at  any  instant  may  be  limited  and  changed  as 
necessary  to  find  an  improved  solution. 

The  head  loss  on  a  link  with  segments  of  different  diameters 
is  the  sum  of  the  head  losses  on  each  of  the  separate  segments  of 
the  link.  Thus,  the  head  loss  on  link  3  for  loading  1  is 


ahf3(i) 


d" 


(14)" 


(5-4) 


+  K3^3^^  XL3,1 6 
(16)m 


where 


XL3,14  +  XL3,16  =  4  =  1000 

D3  can  be  considered  to  be  the  diameter  of  a  single  equivalent  pipe 
1000  feet  long  that  would  provide  the  same  frictional  loss  as  the 
segments  of  the  set  of  candidate  diameters. 

To  simplify  notation  let 

K  a  10.471  =  Kk 

kj  (HWk)n(Dkj)m  (Dk/ 


(5-5) 
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where  D,  .  is  a  diameter  from 
kj 

tional  purposes  we  will  let  j 
loading  1  is  now  written 


the  candidate  set  S.  .  For  nota- 

k 

=  D.  .  .  The  head  loss  on  link  3  on 
k.] 


AHF3(1)  =  K3j4CQ3(1 )]  XL3j4  +  K3J6*-Q3^^  XL3,16 

where  the  quantity  ^^.[0^(1  )]n  is  the  hydraulic  gradient. 
HMIN.(l)  =  90  feet  for  all  demand  nodes,  we  have  for  node  4 

H4<»  ’  (EL1  -  EL4>  +  XS1  '  Kl,16[Ql(')]nXh,16 

'  XL1,18  "  X3,14^3^  ^  ^  XL3,14 

-  K3,16W3(1)]V3,16  i  HHIN4(,) 


(5-6) 


Letting 


(5-7) 


Substituting  for  constants,  multiplying  both  sides  by  -1,  and  moving 
the  constants  to  the  right  hand  side  we  have 


’XS1  +  Kl,16^1(1^  XL1 ,16  +  Kl,18^1^1^  XL1 ,18 
+  K3,14^3(1)^XL3,14  +  K3J6CQ3(1)]nXL3,16  ^  5 


(5-8) 


Inequality  (5-8)  corresponds  to  constraint  (3)  of  Table  5-1.  To 
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illustrate  the  structure  of  the  model  in  an  economical  manner  only 
two  candidate  diameters  are  shown  for  each  link  and  only  2  of  the 
6  possible  minimum  head  constraints  (nodes  4  and  6)  for  the  normal 
loading  condition  (inequalities  (3)-(4) )  are  shown  in  Table  5-1. 

Head  constraints  for  the  emergency  loading  are  constructed 
in  a  similar  manner  to  those  for  the  normal  loading.  However, 
instead  of  serving  as  a  constraint  for  defining  the  feasible  region, 
these  constraints  are  used  to  define  the  objective  function.  Con¬ 
straints  (1)  -  (2)  of  Table  5-1  are  the  head  constraints  for  loading 
2  and  will  be  discussed  at  length  in  section  5.3.3. 

5. 3. 2. 2  Loop/Source  Constraints 

For  the  steady  state  conditions  three  requirements  must  be 
satisfied: 

1.  The  sum  of  flows  entering  a  node  must  equal  the  sum  of 
flows  leaving  a  node. 

2.  The  sum  of  frictional  head  losses  around  any  closed  loop 
must  equal  zero. 

3.  The  sum  of  the  head  losses  between  any  two  fixed  head  nodes, 
e.g.,  reservoirs  or  other  sources,  must  equal  the  difference 


between  the  fixed  heads  at  these  nodes. 
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Condition  1,  nodal  conservation  of  flow,  is  satisfied  in  the 
model  by  the  user  selecting  an  initial  link  flow  distribution  that 
satisfies  this  requirement.  Subsequent  flow  changes  are  made  so 
as  to  maintain  the  initial  conservation  of  flow. 

Condition  2,  conservation  of  energy  around  a  loop,  is  satis¬ 
fied  by  writing  loop  equations  for  each  independent  loop  in  the  net¬ 
work.  Loop  equations  are  written  in  the  same  manner  as  head  path 
constraints  except  that  the  starting  and  ending  nodes  are  the  same. 
Head  changes  due  to  booster  pumps  or  elevated  reservoirs  located 
along  the  loop  path  are  ignored. 

For  the  example  distribution  system  there  are  four  loop 
equations— two  for  each  loading  condition.  The  loops  and  their 
initial  flows  are  shown  in  Figures  5-2  and  5-4.  The  clockwise  arrows 
indicate  the  positive  flow  direction.  The  loop  equation  for  the 
normal  loading  loop  I  is 
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The  loop  equations  for  the  example  problem  are  constraints  (5)  -  (8) 
in  Table  5-1 . 

Condition  3  represents  the  physical  requirement  that  external 
energy  added  to  the  system  (potential  energy  due  to  elevation  and 
pressure  energy  from  pumps)  is  conserved.  The  source  equations 
establish  a  common  reference  point  among  all  fixed  head  nodes  allow¬ 
ing  nodal  head  constraints  to  be  written  starting  at  any  fixed  head 
node  in  the  network.  Since  there  are  two  source  nodes,  source  equa¬ 
tions  have  been  written--one  for  each  loading.  The  source  equation 
for  the  normal  loading  condition  is 

-  xs!  +  xPiO)  +  K1,i6CQ1(1)]nxL1,i2  +  Ki.18WiO)3nXL1-18 

+  K3,14W3(1^  XL3,14  +  K3,16i-Q3(1)]  XL3,16 

+  XL4,10  +  K4,12*-Q4(1)^  XL4,12  (5-10) 

‘  K8,6^8^^  XL8,6  ‘  K8,8tQ8(1^  XL8,8 

"  XL9,16  '  *9,18^9^^  XL9,18  =  EL1  '  EL8  =  20 

Constraints  (9)  -(10)  of  Table  5-1  are  the  source  path  equations  for 
both  loadings. 
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5. 3. 2. 3  Length  Constraints 

For  each  link  a  length  constraint  of  the  form 

I  *Lk.  *  L„ 

jESk 

k  >  1 . NIINK 

must  be  written  to  insure  that  each  link  is  fully  defined.  Con¬ 
straints  (11)  -  (19)  of  Table  5-1  are  the  length  constraints. 

5. 3. 2. 4  Storage  Height  Constraints 

By  increasing  the  height  of  elevated  storage,  the  head  at 
each  node  in  the  system  on  all  loadings  is  increased  by  the  eleva¬ 
tion  of  the  structure  XS^  .  Depending  upon  the  size  of  the  storage 
reservoir,  the  topography  of  the  area,  and  safety  considerations,  it 
may  not  be  possible  or  desirable  to  build  a  supporting  structure  for 
the  reservoir  above  a  certain  height.  Also,  elevating  a  balancing 
storage  reservoir  too  high  may  hinder  its  filling  during  periods  of 
low  demand.  Thus,  a  constraint  of  the  form 

XSk  <  SHMAXk  (5-12) 

must  be  included  in  the  model  where  XS,  is  the  number  of  feet  to 

k 

add  to  elevated  storage  k  and  $HMAXk  is  the  storage  height 


I 

i 
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limitation.  Constraint  (20)  of  Table  5-1  is  the  50-foot  height 
limit  on  the  elevated  storage  at  node  1. 

5. 3. 2. 5  Pump  Capacity  Constraint 

Likewise,  there  may  be  limitations  on  the  capacity  of  a 
pump  due  to 

1.  Capacity  of  an  existing  pump 

2.  Limitation  on  the  capacity  of  available  pumps 

3.  Pump  operating  level  constraints  arising  from 

a.  Operation  of  the  same  pump  on  different  loadings 

b.  Operation  of  pumps  in  parallel 

The  first  two  types  of  constraints  involve  comparison  of  the 
pump  capacity  against  a  known  upper  or  lower  bound.  These  con¬ 
straints  may  be  written  in  terms  of  either  a  head  or  a  horsepower 
1 imit  as  fol lows: 

PHMINr  <  XPkU)  <  PHMAXR  (5-13) 

Y  QP.  (a)  XP.U) 

HPMIN,  <  - - - - -  <  HPMAX  (5-14) 

k  =  550  nR  “  k 

where 

PHMINR--the  minimum  head  for  pump  k 
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PHMAX^ --the  maximum  head  for  pump  k 

HPMIN^ — the  minimum  horsepower  for  pump  k 

HPMAXk~-the  maximum  horsepower  for  pump  k 

QP  (£) — the  flow  rate  through  pump  k  under  loading  i 

n^--the  combined  pump-motor  efficiency  of  pump  k 

Y--the  specific  weight  of  water  at  the  known  temperature. 

Constraint  type  3. a  arises  from  the  need  to  establish  pump 
capacity  limits  which  may  be  used  to  properly  assess  the  cost  of  a 
pump  which  operates  on  more  than  one  loading  condition.  The  cost  of 
a  pump  is  a  function  of  its  maximum  flow  rate  and  head  lift  [4b]. 
Although  a  pump  may  operate  on  multiple  loading  conditions,  each 
pump  can  be  associated  with  a  particular  loading  condition,  its 
critical  loading  condition,  for  which  the  pump  is  being  primarily 
designed  to  operate.  For  example,  the  set  of  three  parallel  pumps 
in  the  example  problem  are  principally  designed  for  efficient,  eco¬ 
nomical  operation  during  the  normal  loading  condition.  On  the  other 
hand,  the  critical  loading  condition  for  the  variable  speed  standby 
pump  is  the  fire  demand  loading  condition.  The  flow  rate  and  head 
on  the  critical  loading  condition  determine  both  its  cost  and  the 
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capacity  limits  for  its  operation  on  other  non-critical  loading 
conditions.  The  general  form  of  constraint  type  3. a  is 

i  ’\(\)  (5 


vQPkWxPkU>  YQPk(xcJ*Pk(tCk) 
550  nk  =  550 


(5-16) 


where  ^  is  pump  k's  critical  loading  condition  and  loading  l 
is  any  other  loading  for  which  the  pump  operates.  In  the  example 
problem  the  set  of  normal  parallel  pumps  operates  on  both  loading 
conditions  with  loading  1  as  the  critical  loading.  Since  parallel 
pumps  operate  at  the  same  head  and  the  pumps  are  operating  at  the 
same  maximum  flow  capacity  on  both  loadings,  the  constraint 


XP1 (2)  <  XP7(1)  (5-17) 

applies. 

Constraint  3.b  arises  from  the  requirement  that  pumps  oper¬ 
ating  in  parallel  must  work  at  a  common  head  lift.  Thus,  for  the 
standby  pump,  pump  2,  operating  in  parallel  with  the  two  remaining 
normal  pumps  we  have 


XP2(2)  =  XP] (2) 


(5-18) 
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However,  since  pump  1  is  already  costed  out  in  loading  1,  and  both 
pump  1  and  pump  2  (which  is  costed  out  on  loading  2)  deliver  the 
same  nonadditive  head  on  loading  2,  constraints  (5-17)  and  (5-18) 
may  be  replaced  by 

XP2(2)  <  XP] (1 )  (5-19) 

which  corresponds  to  constraint  (21)  of  Table  5-1. 

5. 3.2.6  Budget  Constraint 

This  section  examines  the  individual  cost  components  of  the 
budget  constraint  (constraint  (22)  of  Table  5-1)  some  of  which  have 
been  introduced  in  Chapters  3  and  4  and  briefly  addresses  some  con¬ 
siderations  in  selecting  the  maximum  budget  level.  However,  discus 
sion  of  an  analytical  method  for  selecting  BMAX,  the  maximum  bud¬ 
get  limit,  had  been  deferred  until  section  5.4.2  after  development 
of  the  necessary  analytical  tools. 

There  are  two  major  classes  of  costs  associated  with  water 
distribution  systems--capi tal  and  operating  costs.  The  distinction 
between  capital  and  operating  costs  is  important  because  of  the 
different  method  of  calculating  and  financing  each  cost. 
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Capital  costs  are  the  investment  costs  of  the  water  distri¬ 
bution  system.  Capital  costs  represent  the  complete  cost  of  acquir¬ 
ing  and  installing  links,  pumps,  and  elevated  structures  for  storage 
reservoirs.  Because  of  the  high  initial  capital  costs  of  either 
installing  a  new  water  distribution  system  or  making  a  major  expan¬ 
sion  to  an  existing  water  distribution  system,  municipalities  gener¬ 
ally  finance  the  capital  costs  by  issuing  bonds.  Although  the  face 
value  of  the  bonds  may  represent  the  total  capital  costs  of  the  dis¬ 
tribution  system,  because  of  the  time  value  of  money,  the  capital 
costs  must  be  converted  using  present  value  analysis  to  a  stream  of 
equivalent  uniform  annual  costs  to  allow  capital  costs  to  be  be  com¬ 
bined  with  annual  operating  costs. 


was  covered  in  section  3. 2. 2.1.  The  graph  of  this  convex  function 
for  ^  =  1.01  and  =  1.29  is  shown  in  Figure  5-6.  This 

expression  assumes  a  cast-iron  pipe  of  a  specific  tensile  strength 


(pressure  class).  Certain  links  in  the  system  may  require  pipes  in 
a  higher  pressure  class  due  to  unusual  pressure  conditions. 


5. 3. 2. 6. 1.2  Pump  Capital  Cost 

The  capital  cost  of  installed  pump  k  in  dollars  is  [48] 


\  [0PkUc  )]*5  [XP  u  )]*6 
k  k 


(5-21) 


where  l. ,  £_,  and  lc  are  constants.  Per  section  5. 3. 2. 5  l  is 
4  b  b  c. 

k 

the  loading  condition  for  which  pump  k  is  principally  designed  to 
operate.  The  graph  of  this  concave  function  for  a  fixed  flow  of 
1500  GPM  and  =  16.14,  J =  .453  and  l  =  .642  (1976 
prices)  is  shown  in  Figure  5-7.  For  identical  pumps  operating  in 
parallel  each  pump  shares  an  equal  part  of  the  total  flow  rate  on 
the  link  and  has  the  same  operating  head.  Thus,  for  pump  k  com¬ 
posed  of  NPPUMP^  parallel  pumps  the  total  capital  cost  is 


NPPUMP. 

k 


QPkUf  ) 

*  ck 
NPPUMP, 


1  lr 


(5-22) 
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5. 3. 2. 6. 1.3  Storage  Height  Capital  Cost 

Although  the  total  capital  cost  of  an  elevated  storage  reser¬ 
voir  depends  on  its  capacity;  type  of  design,  and  elevation,  since 
the  reservoir  design  is  fixed  in  our  model,  we  are  concerned  only 
with  the  cost  of  building  a  structure  to  elevate  the  reservoir. 

From  section  3. 2. 2.1  we  have  that  the  cost  of  elevating  the  reser¬ 
voir  is  directly  proportional  to  its  height  [46],  i.e., 

STCk  XSk  (5-23) 

5. 3. 2. 6. 2  Annualizing  Capital  Costs 

Before  discussing  the  operating  cost,  we  will  discuss  a 
method  for  converting  capital  costs  to  equivalent  uniform  annual 
costs  (EUAC)  which  can  then  be  combined  directly  with  annual  oper¬ 
ating  costs  [56].  Assuming  that  capital  costs  are  to  be  repaid  in 
equal  annual  installments  over  the  useful  life  of  the  capital  equip¬ 
ment  (NYEAR)  at  an  interest  rate  of  I  with  SV  as  the  ratio  of 
the  initial  value  of  the  investment  to  its  salvage  value,  the  annual 
capital  recovery  factor  is 

/  t  m  \NYEAR  \ 


CRF 


(1 -SV)  +  I(SV) 


(5-24) 
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The  values  of  NYEAR  used  in  the  model  are  30  years  for  pipe  and 
reservoir  capital  costs  and  15  years  for  pump  capital  costs  [48]. 

An  interest  rate  of  .06  and  salvage  ratio  of  .1  [48]  were  used  for 
all  capital  equipment.  The  appropriate  CRF  value  multiplies  the 
pipe,  reservoir,  and  pump  capital  costs  derived  in  the  previous 
sections  to  form  the  capital  cost  component  of  the  budget  constraint. 

5. 3. 2. 6. 3  Operating  Costs 

Operating  costs  are  associated  with  running  and  maintaining 
the  water  distribution  system.  Unlike  capital  costs,  operating 
costs  are  incurred  continuously  during  the  lifetime  of  the  system. 
Thus,  operating  costs  can  be  computed  on  an  annual  basis  and  directly 
combined  with  the  annualized  capital  cost  to  arrive  at  the  total 
equivalent  uniform  annual  cost. 

5. 3. 2. 6. 3.1  Pipeline  Operating  Cost 

The  efficient  operation  of  water  distribution  system  pipe¬ 
lines  requires  periodic  maintenance  and  inspection.  The  annual  cost 
of  this  operation  is  proportional  to  the  diameter  and  the  length  of 
the  pipe.  At  1976  price  levels,  the  proportionality  factor  is  $4/ i n 
of  diameter/mile/year  [61], 
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5. 3. 2. 6. 3. 2  Pump  Operating  Cost 

5. 3. 2. 6. 3. 2. 1  Energy  Cost 

The  energy  required  to  operate  a  pump  is  directly  propor¬ 
tional  to  its  maximum  horsepower  and  is  given  by  [24] 


E 


YQPk(zCk)  xpk(V 

737.6  ni 


(5-25) 


=  .746  HP, 

k 


(5-26) 


where  E  is  in  kilowatt-hours  and  HP^  is  the  maximum  horsepower 
of  pump  k  .  As  noted  above,  only  energy  associated  with  normal 
operation  is  included.  The  annual  pumping  cost  in  dollars  is 


24  •  365  •  U  •  Cc  •  746  •  HP, 

E  k 

=  6535  •  U  •  C-  •  HP. 

E  k 


(5-27) 


where 


C^--the  electricity  cost  per  kilowatt-hour  in  dollars 
U--the  utilization  or  load  factor  for  the  pump 


* 

* 
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In  the  model  =  $.04.  The  utilization  factor  takes  into  account 

the  fact  that  the  peak  pumping  rate  is  not  pumped  24  hours  a  day. 

For  residential  demand  U  ranges  from  .097  to  .26  [81], 

5. 3.2 .6. 3. 2.2  Maintenance  Cost 

The  general  maintenance  cost  for  a  pump  station  is  directly 
proportional  to  its  maximum  horsepower.  A  cost  of  $4/horsepower  in 
1976  prices  was  used  [61]. 

5. 3. 2. 6. 4  Budget  Level  Selection 

A  major  consideration  in  selecting  the  maximum  budget  level 
is  the  ability  of  the  municipality  to  finance  the  system.  Munici¬ 
palities  usually  issue  bonds  to  cover  the  capital  costs  of  the  sys¬ 
tem.  The  budget  level  may  depend  on  the  financial  rating  of  the 
municipality,  its  borrowing  capacity,  and  most  importantly  on  the 
willingness  of  voters  and/or  officeholders  to  approve  costly  bond 
issues.  Because  of  budget  limitations  certain  performance/ rel iabil - 
ity  features  such  as  loops  may  have  to  be  delayed  until  additional 
funds  are  available.  A  method  for  selecting  the  range  of  budget 
levels,  which  takes  into  account  the  expected  emergency  loading  con¬ 
ditions,  will  be  discussed  in  section  5.4.2. 
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5.3.3  Objective  Function 

5. 3. 3.1  Sel ection 

The  purpose  of  the  model's  objective  function  is  to  measure 
the  performance  of  the  distribution  system  under  emergency  loading 
conditions.  As  previously  discussed,  the  principal  physical  impacts 
of  the  emergency  loading  conditions  are  deficiencies  in  the  required 
flow  rates  and  nodal  pressures.  Providing  adequate  flow  rates  for 
the  expected  duration  of  the  emergency  loading  condition  has  been 
taken  into  account  by  setting  minimum  diameters  for  redundant  and 
selected  primary  links,  acquiring  sufficient  standby  pumping  flow 
capacity,  and  properly  sizing  the  storage  capacity  of  reservoirs. 
Thus,  consistent  with  de  Neufville  et  al.’s  pioneering  work  [50],  a 
function  of  the  heads  at  the  demand  nodes  will  be  used  to  measure 
system  performance  under  emergency  loading  conditions. 

Three  functions  of  nodal  heads  were  considered  for  the 
objective  function: 

1.  Maximize  a  weighted  sum  of  the  nodal  heads  throughout  all 
emergency  loading  conditions  (MAXWNODE). 

2.  Maximize  the  minimum  nodal  head  over  all  emergency  loading 
conditions  (MAXMIN). 


i 
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3.  Maximize  a  weighted  sum  of  each  emergency  loading  condition's 

minimum  nodal  head  (MAXWMIN). 

de  Neufville  et  al.  [50]  used  the  MAXWNODE  as  a  measure  of 
performance  to  manually  evaluate  alternative  network  configurations 
under  expected  emergency  loading  conditions.  The  weight  for  each 
nodal  head  was  based  on  the  ratio  of  each  node's  demand  to  total 
system  demand.  However,  this  author's  own  results  using  the  MAXWNODE 
objective  function  in  the  optimization  algorithm  for  small  problems 
proved  unsatisfactory;  some  nodes  had  extremely  high  heads  while 
others  had  extremely  low  heads. 

Noting  this  inherent  inadequacy  in  their  measure  of  perfor¬ 
mance,  de  Neufville  et  al .  [50]  also  suggested  the  need  for  a  distri¬ 
butional  measure  of  performance.  They  used  the  nodal  head  at  the 
extreme  end  of  the  supply  network  which  in  their  case  would  inevi¬ 
tably  be  the  lowest. 

This  led  us  to  the  MAXMIN  objective  function  which  focuses 
on  maximizing  the  minimum  head  over  all  emergency  loading  conditions. 
A  similar  criterion  is  often  applied  in  decision  theory  [83]  and  game 
theory  [84],  i.e.,  the  minimax  criterion--minimize  the  maximum  loss-- 
and  represents  a  very  conservative  strategy. 
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The  MAXWMIN  objective  function  incorporates  the  good  points 
while  avoiding  the  weaknesses  of  the  MAXWNODE  and  MAXMIN  objective 
functions.  MAXWMIN  avoids  the  difficult  task  of  weighting  individ¬ 
ual  nodes  and  the  uneven  results  of  MAXWNODE,  but  still  allows  the 
user  the  flexibility  to  weigh  each  emergency  loading  condition  based 
on  the  importance  or  likelihood  of  its  occurrence.  The  MAXWMIN  is 
less  conservative  than  the  MAXMIN  objective  function  where  perfor¬ 
mance  on  a  single  emergency  loading  condition  can  control  the  opti¬ 
mization.  Furthermore,  MAXWMIN  is  more  realistic  than  the  MAXMIN 
since  MAXWMIN  focuses  on  each  emergency  loading  condition  individ¬ 
ually  rather  than  the  minimal  head  over  all  nodes  over  all  emergency 
loadings.  Except  perhaps  in  a  disaster  situation,  rarely  are  dis¬ 
tribution  systems  simultaneously  exposed  to  several  emergency  loading 
conditions. 

5. 3. 3. 2  Implementation 

Although  the  concept  of  the  MAXWMIN  objective  function  may 
appear  complex,  its  formulation  as  a  mathematical  program  is  fairly 
simple.  In  compact  form  the  mathematical  program  may  be  written 


AD-A105  412 
UNCLASSIFIED 


AIR  FORCE  INST  OF  TECH  ■RJRHT-RATTERSON  AFB  OH  F/n 
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Maximize 
X  e  F 


^  w  Minimum  i  H . ( l) 
L  £  LE  i  e  DNODE  '  1 


where 


F--the  feasible  region  defined  by  the  constraints  of  sec¬ 
tion  5.3.2 

X--the  vector  of  all  decision  variables 
LE--the  set  of  emergency  loading  conditions 
DN00E--the  set  of  demand  nodes 

H . ( £) -- the  head  at  node  i  under  emergency  loading  condi¬ 
tion  £  (a  function  of  X) 

w^--the  weight  assigned  to  emergency  loading  £ 

Let  us  consider  the  case  where  there  is  a  single  emergency 
loading  condition.  Problem  P8  above  simplifies  to 


PROBLEM  P9 


Maximize 
Xe  F 


Minimum  1  H .  > 
i  e  ONODE  t  1 1 . 


where  H.  is  the  head  at  demand  node  i  .  Problem  P9  involves  max 

i 

imizing  the  minimum  of  a  finite  number  of  functions  over  a  common 

t 
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domain  and  is  called  the  Chebyshev  problem.  The  Chebyshev  problem 
is  a  common  one  arising  in  mathematical  contexts,  game  theory,  and 
statistical  analysis  and  has  been  examined  by  several  researchers 
including  Minieka  [85],  Sobel  [86],  Wagner  [87],  Zangwill  [88],  and 
Blau  [89].  Thus,  Problem  P8  could  be  classified  as  a  weighted 
Chebyshev  problem. 

Let  z  be  the  value  of  the  objective  function.  Problem  P9 
can  be  written  in  the  following  equivalent  form: 

PROBLEM  P10 

Maximize  z 

/s 

X  £  F 


subject 

z  <  H .  (1 )  i  e  DNODE 

Let  z^  be  the  minimum  head  on  emergency  loading  condition  l  . 
Then,  Problem  P8  can  be  written 
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PROBLEM  PH 

Maximize  V 

X  e  F  £eLE 

z  <  H.(£)  ieDNODE 
1  "  '  «eLE 

The  minimum  nodal  head  on  each  emergency  loading  condition  serves 
as  a  ceiling  for  the  objective  function  component  z^  . 

Thus,  for  the  example  problem  the  objective  function  con¬ 
straint  for  node  4  on  the  fire  demand  emergency  loading  condition 
(number  2)  can  be  written  as 

-  EL1-EL4«SrK,i,6CQ,(2)]nXl,i,6 

-Ku18[Qi(2)]Vii18-K3i,4[Q3U)fxL3i,4  (5-28) 

-K3>,6[Q3(2).l"1a3i,6 

Substituting  constants  and  moving  all  decision  variables  to  the  left 
hand  side  we  have 

-XS1 +K1 , T 6CQT  < 2 )  ]nXL!  ,  1 6*KT ,  1 8^1  ( 2 )  J"XL1 . 1 8 
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+K3,14^V2^  XL3,14+K3,16^3^2^  XL3,16 

+z  <  95  (5-29) 

Inequality  (5-29)  corresponds  to  constraint  (1)  of  Table  5-1. 
Treating  z  as  a  nonnegative  decision  variable  is  consistent  with 
the  physical  requirement  that  for  water  to  reach  a  demand  node  it 
must  have  nonnegative  pressure.  Constraints  ( 1 ) - ( 2 )  of  Table  5-1 
correspond  to  objective  function  constraints  for  nodes  4  and  6.  The 
constraints  for  the  other  four  demand  nodes  have  been  omitted  to 
allow  the  model  to  be  presented  in  an  economical  manner. 

5.3.4  Formal  Statement  of  Mathematical  Model 

This  section  presents  a  formal  statement  of  the  mathematical 
model,  a  summary  of  the  constraints,  and  definitions  of  new 
parameters . 


PROBLEM  PI  2 


Maximize 
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w„ 


JleLE 


(5-30) 


subject  to 
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ELs-£Li  ♦  I  I  *V‘> 

k  e  PATH  .  k  e  PATH  . 
si  si 

(5-31) 

1  I  2  Kkj  EQkC«3nXL|cj  > 

k  e  PATH  .  j  e  S. 
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i  £  LE 

i  £  DNODE 

any  s  £  SNODE 
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k  £  PATH  .  k  e  PATH  . 

SI  S3 

1  2  I  Vi  COk«t)3nXLkJ  >  mm.w 

k£p«ths.  Jssk 

lelH  (5-32) 

i  e  DNODE 
any  s  £  SNODE 

1  2  2  K«  c,k(t)^XLw  *  0 

keL00P1(t)  j£Sk  (5-33) 
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XS, 
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XPk(0 


k  e  PATH  „  k  e  PATH 
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*  S 


k  e  PATH  „  j  e  S, 
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y  [Ok(*)]Vkj  =  ELs-ELt 

s,  t  e  SNODE 
sM 
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NST  NPUMP 
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I 
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kj  "  k 
k  =  1,  ....  NLINK 


0  <  XSR  <  SHMAXk 


k  -  1,  ....  NST 


PHMINk  <  XPk(S>)  <  PHHAXk 


k  *  1,  ....  NPUMP 


(5-34) 


(5-35) 


(5-36) 


(5-37) 


(5-38) 
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XL.  .  >  0 

kj  = 


Z£  i  ° 


Z  e  LN  U  LE 
k  =  1 . NLINK 

j  £  SR 

It  LE 


Qk(£)  >  0  k  =  1 . NLINK 

Z  e  LN  U  LE 


Objective  function  (5-30)  and  the  objective  function  con¬ 
straints  (5-31)  combine  to  implement  the  MAXWMIN  objective  function. 
Constraint  (5-32)  is  the  requirement  that  the  pressure  at  each 
demand  node  exceed  minimum  acceptable  levels  under  normal  loading 
conditions.  Equality  constraint  (5-33)  requires  conservation  of 
frictional  head  loss  on  all  loops  on  all  loading  conditions.  Equal¬ 
ity  constraint  (5-34)  requires  conservation  of  energy  between  all 
pairs  of  sources  on  all  loading  conditions.  Inequality  (5-35)  is 
the  budget  constraint.  Equality  (5-36)  is  the  link  length  con¬ 
straint.  Inequalities  (5-37)  and  (5-38)  represent  bounds  on  storage 
height  and  pump  size,  respectively. 

The  following  new  parameters  are  included  in  the  model: 

LN — the  set  of  normal  loading  conditions 


1 

* 

I 
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LOOP . U) --the  set  of  links  in  loop  i  on  loading 
condition  Z 

NL00P(£)--the  number  of  loops  in  loading  condition  Z 

5.4  Analysis  of  the  Model 

5.4.1  Constraint  Set 

This  section  will  analyze  various  important  characteristics 
of  the  constraint  set  essential  to  selecting  the  proper  solution 
algorithm  and  evaluating  the  results  of  the  chosen  algorithm. 


5. 4. 1.1  Non! inearity 

The  frictional  head  loss  relationship  is,  in  general,  non¬ 
linear  in  both  flow  rate  and  link  diameter.  However,  by  allowing 
each  link  to  assume  only  a  discrete  set  of  candidate  diameters,  , 
the  head  loss  terms  in  the  model,  [Qk(Jl)]nXL^  are  only  non¬ 
linear  in  flow  rate.  Likewise,  the  capital  pipe  cost  function, 


h  <V 


is  nonlinear  in  diameter  but  becomes  linear  in  XL.  .  since  each 

KJ 

XLkj  is  associated  with  a  single  diameter  j  e Sk  . 


i 


i 

i 


The  capital  pump  cost  function, 


l 


4 


l 

where  c^  is  pump  k's  critical  loading  condition,  is  nonlinear  in 
both  flow  rate  and  head  lift.  However,  in  most  cases  the  pump, 
unless  it  is  an  in-line  booster  pump,  will  not  be  located  on  a  loop 
and  its  flow  rate  will  be  fixed.  Assuming  a  fixed  pump  flow  rate, 
since  <  1  ,  the  capital  pump  cost  term  is  a  nonlinear  concave 
function  of  its  head  lift. 


5. 4. 1.2  Nonconvexity 

Since  n  >  1  ,  the  head  loss  term  +  K,  .  [Q,  U)]nXL.  .  is 

K  J  K  K  J 

convex  while  the  term  -  [Qk(!t) ]nXLk^  is  concave.  For  loops 

the  sum  of  the  head  loss  terms  must  equal  zero.  Since  not  all  of 
the  head  loss  terms  are  zero  (unless  there  is  no  flow  in  any  links 
in  the  loop),  the  loop  constraint  is  the  sum  of  both  convex  and 
concave  functions.  Therefore,  the  intersection  of  the  loop  con¬ 
straints  forms  a  nonconvex  set  and  the  feasible  region  is  nonconvex. 

Consider  the  special  case  of  optimizing  a  tree  distribution 
system.  Since  for  a  tree  system  all  link  flows  are  fixed,  the  non- 
linearities  in  the  nodal  constraints  (5-31)  and  (5-32)  and  the 
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source  constraints  (5-34)  are  removed.  The  only  remaining  non¬ 
linearity  is  the  concave  capital  pump  cost  term  in  the  budget  con¬ 
straint.  Since  the  other  terms  in  the  budget  constraint  are  linear, 
i.e.,  both  concave  and  convex,  and  the  sum  of  a  finite  number  of 
concave  functions  is  concave,  the  budget  constraint  is  concave. 

Thus,  the  feasible  region  is  still  nonconvex.  However,  for  a  tree 
distribution  system  without  pumps  the  constraint  set  is  convex  since 
all  constraints  are  linear. 

5. 4. 1.3  Structural  Analysis 

The  purpose  of  a  structural  analysis  of  the  constraints  is 
to  identify  any  special  structure  that  could  be  exploited  in  the 
solution  algorithm.  Ideally,  a  large  problem  could  be  decomposed 
into  independent  subsystems  whose  subproblems  could  be  independently 
solved.  However,  coupling  constraints,  such  as  a  common  resource, 
or  coupling  variables,  i.e.,  common  activities  among  the  subsystems, 
are  often  present  reflecting  the  interaction  among  subsystems. 

Figure  5-8  depicts  some  common  structures. 

A  natural  way  to  approach  the  MAXWMIN  problem  (Problem  PI 2) 
is  to  treat  each  loading  condition  as  a  subsystem  since  each  loading 
condition  has  its  own  unique  flow  distribution.  However,  each  load¬ 
ing  condition  shares  a  large  number  of  coupling  variables  with  other 


185 


loading  conditions,  i.e.,  link  diameters  and  added  storage  height, 
in  addition  to  important  coupling  constraints,  i.e.,  budget,  link 
lengths,  bounds  on  storage  height  and  pump  capacity,  and  pump  oper¬ 
ating  level  constraints  between  various  loading  conditions.  Thus, 
because  of  the  tremendous  amount  of  interaction  among  loading  con¬ 
ditions,  the  constraint  structure  is  not  appropriate  for  decomposi¬ 
tion  based  on  loading  conditions.  Nevertheless,  its  structure  does 
suggest  the  need  for  a  central  coordinator  to  allocate  the  available 
resources  among  the  competing  emergency  loading  conditions  in  an 
optimal  manner. 

5.4.2  Feasibility 

Because  of  upper  bounds  on  the  budget  level,  the  storage 
height,  and  the  pump  capacity,  the  MAXWMIN  problem  is  not  guaranteed 
to  have  a  feasible  solution.  A  way  to  check  the  feasibility  of  the 
MAXWMIN  problem  is  to  solve  the  following  minimum  cost  optimization 
problem: 
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2-  e  LN  U  IE 
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Problem  PI 3  was  derived  from  Problem  PI 2  by  replacing  the  MAXWMIN 
objective  function  with  the  left  hand  side  of  the  budget  constraint 
(5-35),  replacing  the  z  variables  with  selected  minimum  pressure 
levels,  and  relaxing  bounds  on  storage  height  and  pumping  head  lift. 
8y  its  construction  with  no  bounds  on  external  energy,  Problem  P13, 
the  MINCOST  problem,  must  have  a  feasible  solution. 

Proper  selection  of  the  minimum  nodal  head  pressures, 
HMIN..(£),  ^  the  MINCOST  problem  allows  us  to  obtain  a  range  of 
feasible  budget  levels  for  the  MAXWMIN  problem.  Setting  HMIN..U) 


I  xlm 

j€sk 
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for  normal  loadings  equal  to  statutory  minimum  levels  (usually  35- 
105  feet)  and  for  emergency  loading  conditions  equal  to  zero,  we 
can  obtain  an  absolute  lower  bound  on  BMAX.  If  instead  HMIN..U) 
for  emergency  loading  conditions  is  set  to  minimum  statutory  require¬ 
ments  for  emergency  operation  (usually  46  feet),  the  cost  of  satis¬ 
fying  government  regulations  can  be  evaluated.  Setting  HMIN..  (2,) 
for  emergency  loading  conditions  to  the  minimum  normal  pressures 
provides  an  upper  bound  for  BMAX. 

Analysis  of  the  cost  components  in  the  optimal  solution  to 
the  above  MINCOST  problems  may  indicate  an  excessive  amount  of 
funds  have  been  implicitly  allocated  for  redundant  links.  By  care¬ 
ful  analysis  of  the  redundancy  requirements  of  the  set  and  flow 
covering  models  (Problem  P6  and  P7),  appropriate  adjustments  in 
these  requirements  may  be  made  freeing  additional  funds  for  handling 
detailed  design  emergency  loading  conditions. 

5.4.3  Optimal i ty 

Due  to  the  nonconvexity  of  the  general  constraint  set  of 
the  MAXWMIN  problem  (Problem  PI 2 ) ,  any  algorithm  for  solving  Problem 
P12  can  at  most  guarantee  a  local  optimum.  However,  for  the  special 
case  of  a  tree  distribution  system  without  pumping  it  can  be  shown 
that  Problem  PI 2  becomes  a  concave  program,  i.e.,  maximizing  a 
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concave  function  over  a  convex  set  for  which  every  local  optimum  is 
a  global  optimum.  Since  in  the  case  of  a  tree  all  flows  are  fixed, 
the  coefficients  of  the  XL  terms  in  the  normal  loading  minimum 

Kj 

pressure  constraints  (5-32)  and  the  source  equations  (5-34)  are 
fixed,  and  the  constraint  set  is  linear  in  the  remaining  decision 
variables.  For  each  emergency  loading  condition  l  and  demand  node 
i  let 
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k  e  PATH  .  k  e  PATH  . 

si  si 

=  I  I  Kkj  Nk<t>3n*Lk4  (5-44) 

k  e  PATH  .  j  e  S, 
si  k 

where  X  is  the  vector  of  all  decision  variables.  Since  Q.  (£.) 

is  fixed,  f^X)  1S  linear  (and  thus  concave).  For  every  feasible 

%  define  the  pointwise  infimum  of  { f .  ( X ) }  for  each  loading  as 

1  z 

f  (X)  =  inf  f  (X)  =  min  f  (X)  (5-45) 

i  e DNODE  i  e  DNOOE 

By  Theorem  4.13  p.  75  Avriel  [90],  then  f  ( X)  is  a  concave  func- 
tion.  Figure  5-9  illustrates  this  situation  for  linear  functions 

— _  /v 

of  a  single  variable.  Multiplying  f^U)  by  its  appropriate  posi¬ 
tive  weight  and  summing  over  all  emergency  loading  conditions 
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we  have  the  concave  function 

I  “t  V«  <5-46> 

It  LE 

which  is  just  the  MAXWMIN  objective  function.  Since  we  are  maximiz¬ 
ing  a  concave  function  over  a  convex  set,  any  local  optimum  is  a 
global  optimum. 

Let  us  next  consider  solving  the  general  Problem  P12  with 
loops  and  pumping  when  we  fix  all  the  link  flows  Q.(H)  .  Now,  the 
budget  constraint  becomes  concave  and  Problem  PI 2  is  a  noncovex 
program  since  the  capital  pump  cost  function  is  both  nonlinear  and 
concave.  More  specifically  Problem  P12  becomes  a  complementary 
convex  or  reverse  convex  program  since  the  set  of  decision  vari¬ 
ables  satisfying  the  budget  constraint  is  the  complement  of  an  open 
convex  set  and  the  remaining  constraints  are  convex  [90].  For  con¬ 
tinuous  functions  of  a  single  variable,  f^x)  and  f'2(x),  let 
R  =  (x  :  x  >  0,  fi (x)  <  f 2 ( x ) }  where  f^(x)  is  concave  and  fg(x) 
is  convex.  For  two  example  cases  Figure  5-10  illustrates  the 
resulting  nonconvex  sets.  In  Figure  5-1 OA  R  =  <  x  <  a2  or 

a^  <_  x  <  a^}  and  is  the  complement  of  the  open  convex  set 
a2  <  x  <  a3  .  In  Figure  5-1 08  R  =  {0  <  x  <  a^  or  x  >  a2)  and 
is  the  complement  of  the  open  convex  set  a^  <  x  <  a2  . 


Unless 
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specialized  algorithms  [91,  92]  are  used,  convergence  of  the  solu¬ 
tion  algorithm  to  the  global  optimum  for  the  complementary  convex 
program  cannot  be  guaranteed. 

Alperovits  and  Shamir  [46]  state  without  proof  that  the 
optimal  solution  for  Problem  PI  3  will  have  at  most  two  segments  with 
their  diameters  adjacent  on  the  candidate  diameter  list  for  that 
link.  Quindry,  Brill,  Liebman,  and  Robinson  [94]  offer  an  apparent 
counterexample.  Appendix  C  presents  a  proof  for  Alperovits  and 
Shamir's  [46]  statement  including  the  exact  conditions  for  which 
it  is  valid.  Also,  a  linear  programming  model  to  find  the  minimum 
cost  feasible  solution  for  a  given  optimal  continuous  diameter  solu¬ 
tion  is  developed. 

5.5  Solution  Technique 

5.5.1  Introduction 

Alperovits  and  Shamir's  [46]  Linear  Programming  Gradient 
(LPG)  approach  was  selected  as  the  basis  for  the  solution  algorithm 
for  the  MAXWMIN  problem.  The  LPG  approach  was  developed  to  solve  a 
simpler  version  of  the  MINCOST  problem  (Problem  PI 3 )  for  normal 
loading  conditions  only.  Fixing  the  complicating  variables  Q^(t) 
in  Problem  P13,  the  constraint  set  is  linear.  Representing  the 
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concave  capital  pump  cost  as  a  piecewise  linear  function,  the  LPG 
approach  solves  a  series  of  linear  programs  linked  by  changes  in 
the  flow  distribution  resulting  from  loop  flow  changes.  Loop  flow 
changes  are  made  so  as  to  improve  the  objective  value  in  the  next 
program.  The  LPG  approach  has  been  specifically  tailored  to  solve 
the  MAXWMIN  problem  (Problem  P12).  We  will  first  describe  in  detail 
the  specific  algorithm  used  with  an  emphasis  on  the  major  modifica¬ 
tions  to  Alperovits  and  Shamir's  LPG  approach,  present  a  formal 
statement  of  the  algorithm  and  apply  the  solution  algorithm  to 
design  of  the  example  distribution  system. 

5.5.2  Description 

5.5. 2.1  Introduction 

The  solution  algorithm  involves  partitioning  the  decision 
variables  into  two  classes,  the  complicating  variables  and  all 
others.  When  the  values  of  the  complicating  Q^U)  variables  are 
fixed,  i.e.,  the  vector  Q  =  (Q^(l),  ...),  the  MAXWMIN  problem 
becomes  at  worst  a  complementary  convex  program  (CCP)  which  can  be 
solved  using  a  series  of  linear  programs  for  an  optimal  objective 

A 

value  CCP(Q)  [90].  Using  dual  variables  and  derivatives  of  flow 

A 

constraints,  loop  flow  changes  AQ  =  (AQ^,  ...)  are  computed  in  an 
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attempt  to  improve  the  current  solution,  i.e.,  CCP(Q  +  aQ)  >  CCP(Q). 
The  general  method  is  illustrated  in  Figure  5-11.  The  algorithm  is 
terminated  when  a  local  optimum  is  reached.  The  remainder  of  this 
section  will  cover  in  detail  important  aspects  of  the  algorithm. 

5. 5. 2. 2  Nodal  Pressure  Constraints 

In  theory,  nodal  pressure  constraints,  inequalities  (5-31) 
and  (5-32),  must  be  written  for  each  demand  node  and  loading  condi¬ 
tion.  However,  the  greater  the  number  of  constraints  the  more  com¬ 
putational  effort  needed  to  solve  the  linear  program  and  to  update 
the  coefficient  matrix  with  changes  in  0^(2.)  and  .  Thus,  by 
identifying  demand  nodes  on  each  loading  which  are  likely  to  experi¬ 
ence  lower  pressures,  e.g.,  nodes  farthest  from  the  source  or  fire 
demand  nodes,  we  can  perhaps  reduce  somewhat  the  number  of  nodal 
pressure  constraints. 

Shamir  and  Alperovits  [46]  suggest  solving  the  problem  for 
a  small  set  of  nodal  constraints  and  then  checking  the  relaxed  nodal 
constraints  at  the  optimal  solution.  If  any  of  the  relaxed  nodal 
constraints  are  violated,  the  violated  constraints  are  added  and 
the  total  problem  re-solved.  To  simultaneously  minimize  the  number 
of  nodal  head  constraints  required  and  preclude  the  need  to  re-sol ve 


CHANGE  THE  FLOW  DISTRIBUTION  SO  AS 
TO  INCREASE  THE  SYSTEM  PREFORMANCE 
BASED  ON  CURRENT  CCP  RESULTS 


CCP(0  +  aO) >  CCP(O) 


Figure  5-11 


GENERAL  SOLUTION  ALGORITHM 


the  entire  problem  the  following  scheme  was  developed  and  incorpo¬ 
rated  in  the  solution  algorithm: 

1.  Include  the  bare  minimum  number  of  nodal  constraints  for 
each  loading  in  the  model. 

2.  Solve  the  resulting  complementary  convex  program  and  compute 
the  heads  at  all  demand  nodes  on  each  loading  condition. 

3.  If  none  of  the  relaxed  nodal  constraints  are  violated,  the 
set  of  enforced  nodal  constraints  remains  the  same. 

4.  For  each  loading  condition  for  which  nodal  constraints  are 
violated  compute  the  following  lists: 

a.  Relaxed  nodal  heads  that  have  been  violated  in  order 
of  decreasing  negative  slack,  i.e.,  the  most  violated 
constraints  first. 

b.  Enforced  nodal  heads  in  order  of  decreasing  positive 
slack,  i.e.,  the  most  satisfied  constraints  first. 

Slack  for  normal  loading  conditions  is  computed  as 
H^(l)  -  HMIN^Jl)  and  for  emergency  loading  condistions  as 
H.(z)  -  z^  where  z^  is  the  minimum  nodal  head  for 
loading  l  . 

5.  Using  the  two  lists,  replace  the  enforced  inactive  nodal 
constraint  with  its  corresponding  violated  constraint  in 
the  constraint  set  until  all  violated  constraints  are  in 
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the  set  of  enforced  constraints. 

The  above  scheme  has  proven  especially  useful  when  dealing 

with  a  new  system  or  new  loading  conditions  where  critical 

nodes  are  not  readily  apparent. 

5. 5. 2. 3  Initial  Flow  Distribution 

Alperovits  and  Shamir  [46]  state  that  the  initial  flow  dis¬ 
tribution  for  each  loading  condition  is  arbitrary.  However,  a  poor 
choice  of  initial  flow  distribution  for  a  large  problem  can  waste 
considerable  computation  time  reaching  a  feasible  (balanced)  let 
alone  a  local  optimum  solution  (see  section  6. 5. 3. 3).  Thus,  it 
appeared  worthwhile  to  develop  efficient  techniques  for  finding  good 
distributions  for  either  the  MAXWMIN  or  M INCOST  problem. 

The  author's  extensive  computational  experience  has  indi¬ 
cated  that  the  proper  use  of  the  following  tools  can  significantly 
reduce  both  the  total  computational  and  programming  effort  necessary 
to  solve  the  MAXWMIN  problem  in  addition  to  providing  valuable 
insight  into  the  distribution  system  design: 

1.  Knowledge  of  the  core  tree 

2.  Network  balancer 

3.  Preparatory  MINCOST  optimizations 
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As  discussed  in  section  3. 3. 5.1,  flow  tends  to  concentrate 
in  the  primary  links  of  the  core  tree.  Thus,  the  initial  flow  dis¬ 
tribution  for  the  normal  loading  should  place  little  flow,  if  any  at 
all,  in  the  redundant  links.  This  frees  the  optimization  algorithm 
to  change  the  loop  flow  in  the  appropriate  direction  not  burdened 
with  overcoming  an  initial  flow  distribution  with  a  large  flow  con¬ 
centration  placed  incorrectly  in  a  redundant  link. 

Even  using  the  above  procedure  it  can  take  several  costlv 
flow  iterations  for  a  large  problem  to  reach  a  feasible  (balanced) 
flow  distribution  using  the  crude  balancing  mechanism  of  the  LPG 
method.  Furthermore,  in  the  meantime  the  solution  algorithm  is  so 
concerned  with  removing  the  high  penalty  costs  associated  with  the 
infeasibility  that  little  real  progress  is  made  towards  reaching 
optimality  until  feasibility  is  attained.  Thus,  a  network  balancer 
using  the  Hardy  Cross  loop  method  was  incorporated  as  an  integral 
part  of  the  solution  algorithm.  After  the  initial  complementary 
convex  solution  is  obtained,  using  the  resulting  link  design  and  the 
initial  flow  distribution,  the  network  balancer  balances  the  unbal¬ 
anced  loading  conditions  to  within  a  specified  imbalance  level.  For 
the  next  complementary  convex  problem  the  network  balancing  flow 
changes  are  used  instead  of  the  normally  computed  flow  changes.  The 
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subsequent  complementary  convex  problem  is  almost  always  feasible 
and  the  solution  algorithm  proceeds  as  usual. 

Let  us  consider  the  role  of  the  normal  loading  condition  in 
Problem  P12,  the  MAXWMIN  problem.  Although  the  normal  loading  con¬ 
dition  is  not  a  part  of  the  objective  function,  ic  seems  reasonable 
to  desire  to  minimize  the  costs  of  satisfying  the  normal  loading 
condition  constraints  in  order  to  maximize  the  portion  of  the  budget 
available  for  system  components  explicitly  designed  for  emergency 
operation  such  as  booster  fire  pumps.  Thus,  solving  the  MINCOST 
problem  subject  to  the  normal  loading  condition  only  should  provide 
an  inherently  economical  flow  distribution.  The  resulting  optimal 
normal  flow  distribution,  in  turn,  can  be  used  as  the  initial 
normal  loading  flow  distribution  for  the  MINCOST  problem  with 
emergency  loading  conditions  added  and  minimal  nodal  emergency  pres¬ 
sures  set  at  statutory  minimum  pressures  (usually  46  feet)  or  at 
zero  feet.  Because  emergency  loading  conditions  vary  so  widely,  it 
is  difficult  to  formulate  any  definitive  rules  for  selecting  their 
initial  flow  distributions.  The  best  rule  of  thumb  is  to  concen¬ 
trate  the  flow  in  the  larger  primary  links  where  possible  and  to 
pattern  the  flow  distribution  after  the  MINCOST  normal  loading  flow 
distribution.  Finally,  the  initial  flow  distribution  from  the 
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optimal  MINCOST  solution  for  both  normal  and  emergency  loadings  can 
be  used  as  the  initial  flow  distribution  for  the  MAXWMIN  problem. 

Because  of  the  importance  of  the  initial  flow  distribution, 
the  solution  algorithm  has  been  modified  to  automatically  save  the 
optimal  flow  distribution,  candidate  diameters,  and  pump  cost  coef¬ 
ficients  that  define  the  optimal  solution.  This  enables  the  user  to 
restart  the  same  problem  or  a  number  of  closely  related  problems, 
e.g.,  the  alternative  MINCOST  or  MAXWMIN  formulation,  with  minimal 
effort. 

5. 5. 2. 4  Link  Candidate  Diameters 

The  selection  of  the  set  of  initial  candidate  diameters  for 
each  link,  ,  depends  on  several  factors: 

1.  Commercial  availability 

2.  Minimum  and  maximum  normal  loading  hydraulic  gradients 
(velocity) 

3.  Minimum  link  diameters  driven  by  broken  link  loading 
conditions 

4.  Status  of  link-existing  or  new 

5.  Problem  size  considerations 


6. 


Initial  flow  distribution. 
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Depending  on  the  type  of  pipe  (cast  iron,  PVC,  asbestos- 
concrete)  and  its  pressure  class,  only  certain  pipe  diameters  are 
commercially  available.  In  the  United  States,  for  example,  cast 
iron  pipes  are  generally  available  in  2"  increments  starting  at  4" 
continuing  to  20",  and  in  24"  and  30"  diameters. 

As  discussed  in  section  3.3.4. 1,  engineering  design  consid¬ 
erations  restrict  the  range  of  permissible  hydraulic  gradients,  J^, 
on  the  normal  loading.  Excessively  high  can  result  in  burst 

pipes  while  excessively  low  gradients  result  in  water  stagnation. 
Such  limits  are  usually  included  in  statutory  regulations  in  terms 
of  maximum  and  minimum  flow  velocities.  The  results  of  the  redun* 
dant  link  selection  models  of  Chapter  4  will  also  provide  minimum 
pipe  diameters  for  all  redundant  and  certain  primary  links.  For 
analysis  of  capacity  expansion  of  existing  systems  some  of  the  links 
will  already  exist  and  will  be  restricted  to  a  single  pipe 
diameter. 

Theoretically,  the  set  of  diameters  from  which  the  solution 
algorithm  could  choose  at  any  one  time  is  the  complete  set  of  com¬ 
mercially  available  diameters  within  the  minimum  and  maximum  limits 
defined  by  the  above  constraints.  However,  computational  consider¬ 
ations  preclude  this  approach.  Using  a  large  number  of  candidate 
diameters  for  each  link  considerably  increases  the  number  of 
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decision  variab,<=s  in  the  linear  program.  More  importantly,  after 

each  flow  change,  the  flows  in  each  of  the  diameter  segments  of  each 

of  the  links  in  all  of  the  flow  equations  must  be  updated  including 

an  updating  of  the  basis  inverse.  Therefore,  the  initial  set  of 

candidate  diameters  in  S,  has  been  restricted  to  from  3-5  diam- 

k 

eters.  The  initial  set  is  chosen  based  on  the  initial  flow  distri¬ 
bution  in  the  links  over  all  loading  conditions. 

Although  the  size  of  during  any  linear  programming 
optimization  is  fixed,  the  specific  diameters  in  the  set  may  change 
if  the  possibility  of  an  improved  solution  is  indicated.  Assume 
that  Sk  =  I  6,8,10}  in  the  current  complementary  convex  problem, 
minimum  and  maximum  commercially  available  diameters  are  6  and 
20  inches  with  no  other  restrictions  on  pipe  diameter  and  that 
XL^  in  the  current  I_P  solution,  i.e.,  link  k  has  a 

single  segment  of  diameter  10  inches.  Thus,  link  k  is  artific¬ 
ially  constrained  to  a  maximum  diameter  of  10  inches.  By  letting 
=  {8,10,12  \  and  re-solving  the  linear  program,  the  optimal 
objective  value  could  improve  and,  at  worst,  will  remain  the  same. 
Alperovits  and  Shamir  [46]  also  change  during  the  solution 
algorithm  but  instead  of  simply  shifting  the  candidate  set  up  or 
down  the  size  of  $k  is  haphazardly  reduced  as  the  algorithm  pro¬ 
gresses,  further  limiting  the  choice  of  diameters. 
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Experience  using  the  solution  algorithm  to  solve  the  MAXWMIN 
problem  led  to  a  further  restriction  in  allowing  the  set  to 

change.  Because  of  the  numerous,  often  conflicting  flow  distribu¬ 
tions  of  the  various  loadings  even  after  a  feasible  (balanced)  solu¬ 
tion  was  obtained,  subsequent  flow  changes  often  led  to  a  slightly 
infeasible  (unbalanced)  solution  (see  section  5. 5. 2. 6).  Allowing 
candidate  link  diameters  to  become  larger  to  achieve  balance  signif¬ 
icantly  reduced  the  minimum  nodal  heads  on  the  emergency  loadings 
since  funds  were  reallocated  from  the  head  producing  pumps  and  stor¬ 
age  reservoirs  to  the  links.  When  feasibility  was  reached  (usually 
by  the  next  flow  change)  sets  of  candidate  diameters  that  had  become 
larger  in  an  attempt  to  achieve  feasibility  had  to  be  reduced.  This 
erratic  behavior  greatly  impeded  progress  towards  a  local  optimum. 
Thus,  once  an  initial  feasible  solution  had  been  obtained,  the  set  of 
candidate  diameters  could  add  larger  diameters  only  if  the  current 
CCP  solution  is  feasible.  Implementation  of  this  rule  eliminated 
this  counterproductive  behavior  and  speeded  up  significantly  con¬ 
vergence  of  the  algorithm. 

5. 5. 2. 5  Nonlinear  Pump  Capital  Cost 

For  systems  with  pumps,  the  budget  is  a  nonlinear,  concave 
function,  the  feasible  region  for  a  fixed  flow  distribution  (Q^U)) 
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is  no  longer  convex,  and  a  complementary  convex  program  results. 

There  are  several  potential  techniques  for  solving  this  particular 
problem  including  the  general  techniques  of  separable  programming 
and  iterative  linearization  [93]  which  can  guarantee  only  local 
optimal  solutions  and  specialized  algorithms  developed  by  Soland 

[91]  or  Hillestad  [92]  which  guarantee  a  global  optimum.  The  spe¬ 
cialized  algorithms  involve  complicated  infinitely  [91]  or  finitely 

[92]  convergent  search  procedures.  Because  the  complementary  convex 
program  must  be  solved  numerous  times  during  the  solution  algorithm 
(at  a  minimum  equal  to  the  number  of  flow  changes  if  Sk  remains 
constant),  the  pump  capital  cost  function  is  only  mildly  concave 
(see  Figure  5-7),  and  the  overall  solution  technique  converges  at 
best  to  a  local  optimum,  the  complex  specialized  algorithms  were 
judged  not  worth  the  added  computational  effort.  Iterative  lineari¬ 
zation  was  selected  instead  of  separable  programming  because  it 
requires  no  increase  in  the  number  of  decision  variables,  the  same 
level  of  solution  accuracy  can  be  obtained  regardless  of  the  value 
of  the  decision  variable,  and  it  is  considerably  simpler  to  imple¬ 
ment  than  separable  programming. 

The  iterative  linearization  algorithm  for  solving  the  comple¬ 
mentary  convex  program  is  described  next  [90],  Let  F  be  the  feas¬ 
ible  region,  X  ,  the  vector  of  all  decision  variables  (link,  pump, 
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and  storage),  and  g(X)  <  BMAX,  the  concave  budget  constraint.  At 

•n  k 

any  point  X  eF  the  nonlinear  budget  constraint  is  replaced  by  its 
first-order  Taylor  series  approximation 

/ 

g  (X,  Xk)  =  g  (Xk)  +  (X  -  Xk)  Vg  (Xk)  <  BMAX  (5-47) 

-'k+l 

to  obtain  a  convex  (linear)  program.  The  next  point  X  is  the 

*  k 

optimal  solution  of  the  linear  program  at  X  .  Avriel  [90]  demon- 

-0 

strates  that  if  the  initial  point  X  eF  then  each  member  of  the 
^  k 

sequence  {X  }  converges  to  a  Kuhn-Tucker  point  of  the  complementary 
convex  program,  i.e.,  a  locally  optimal  solution. 

The  principal  problem  with  using  this  approach  is  that  the 
local  optimum  solution  may  be  far  from  the  global  optimum.  It  is 
difficult  to  make  any  general  statements  about  the  convergence  char¬ 
acteristics  of  the  complementary  convex  program  resulting  from  fix¬ 
ing  Q  (Jl)  in  the  MAXWMIN  problem.  For  fixed  flows  and  link  candi¬ 
date  diameter  sets  the  MAXWMIN  problem  was  solved  for  the  example 
problem  for  seven  widely  varying  initial  pump  head  values  ranging 
from  .1  to  6  times  the  optimal  values.  Each  time  the  algorithm 
converged  to  within  1%  of  the  true  cost  of  each  of  the  two  pumps 
requiring  at  most  3  linear  programming  iterations.  The  maximum  dif¬ 
ference  between  the  highest  and  lowest  objective  function  values 
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was  .02  feet.  These  results  combined  with  the  mild  concavity  of 
the  capital  pump  cost  function  make  the  selected  approach  appear 
reasonable.  However,  if  desired,  one  of  the  specialized  global 
optimal  algorithms  [91,  92]  may  be  applied  to  the  MAXWMIN  optimal 
sol ution. 


5. 5. 2. 6  Dummy  Valves 

Although  the  loop/source  constraints  are  written  as  strict 
equalities  in  the  MAXWMIN  problem,  additional  slack  and  surplus 
variables  are  required  for  each  of  these  constraints.  Although  the 
MAXWMIN  problem  may  have  a  feasible  solution,  it  is  possible  that 
for  the  current  flow  distribution  Q^U)  and  set  of  candidate 
diameters  that  the  complementary  convex  program  is  not  feasible, 
i.e.,  not  balanced.  Thus,  for  each  equality  constraint  in  (5-33) 
and  (5-34)  two  slack  variables  are  added.  For  example,  for  each 
loop  constraint  we  have 


:  I  I  K« 

keLOOP.U)  jeSk 


=  0 
(5-43) 


where  XV*  and  XVT  are  the  nonnegative  slack  and  surplus  variables 
respectively.  These  slack  variables  correspond  to  dummy  valves  that 
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provide  resistance  loss  in  the  proper  direction.  These  slack  vari¬ 
ables  which  are  assigned  high  penalty  costs  operate  somewhat  like 
artificial  variables  by  forming  part  of  an  initial  basic  solution 
and  driving  the  linear  program  to  find  a  feasible  (balanced)  solu¬ 
tion.  Also,  as  described  in  section  5. 5.2.4  the  current  set  of 
candidate  diameters  can  be  adjusted  to  attain  feasibility.  Further, 
the  high  penalty  cost  of  a  dummy  valve  in  the  basis  impacts  the  dual 
variables  (it)  since 


tt  =  Cg  B'1  (5-49) 

where  CD  is  the  vector  of  basic  variable  costs  and  B_1  the 

D 

current  basis  inverse.  The  dual  variables  are  used  to  compute  the 
loop  flow  changes,  thus  driving  the  flow  on  unbalanced  loops  in  the 
feasible  direction.  Thus,  unlike  artificial  variables,  the  slack 
and  surplus  variables  are  allowed  to  reenter  the  basis  when  the 
current  flow  distribution  cannot  be  balanced. 

In  some  cases  it  may  not  be  possible  to  eliminate  the  dummy 
valves  and  find  a  feasible  (balanced)  solution.  This  indicates 
that  a  real  valve  may  be  required  to  properly  operate  the  system  pro 
viding  the  same  resistance  as  the  dummy  valve. 
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The  loop  flow  change  vector  links  together  successive  complementary 
convex  programs.  It  should  be  remembered  that  the  set  of  loop 
changes  translates  into  flow  changes  on  the  individual  links  for 
each  loading  and  preserves  the  initial  nodal  conservation  of  flow. 

Given  the  optimal  solution  to  the  complementary  convex  pro¬ 
gram  at  iteration  k  and  the  associated  link  flow  distribution,  we 
want  to  find  AQ  such  that  the  optimal  value  of  the  new  comple- 
mentary  convex  program  increases,  i.e.,  CCP(Q  +  AQ  )  >  CCP(Q  ). 
The  direction  of  change  for  loop  i  is  found  by  calculating 


G. 

1 


3Z 

3(AQi) 


(5-50) 


the  positive  gradient  for  loop  i  *  1,  ....  NL00P  where  Z  is  the 
objective  function.  Alperovits  and  Shamir  use  the  expression 
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(5-51) 


where  3Z  /  3h..  =  it..  is  the  dual  variable  of  loop  equation  i  in 

the  current  optimal  CCP  and  3Z  /  3(aQ.)  is  the  partial  derivative 
of  loop  equation  i  with  respect  to  loop  flow  changes  evaluated  at 
the  current  flow  distribution.  Fixing  the  length  decision  variables, 
XL.  .  ,  the  right  hand  side  of  the  loop  equations  (5-33)  can  be 

KJ 

viewed  as  a  function  of  the  flow  change  on  the  loop  AQ.  ,  i.e., 

hi  ■  !  I  2  XL« 

k  s  LOOP,. U)  j  £  (5-52) 

Differentiating  with  respect  to  AQ..  we  have 

3h .  , 

mi  •  2  2  |n  XL«  [v«  ' 

1  keLQOP.U)  jeSk  (5-53) 

=  "2  2 
keLOOP.U)  jcSk 


Kki  XLki 

V‘> 


(5-54) 
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■"  2 

k  £  LOOP.  (1) 

Thus,  3h .  /  3(AQ  )  is  nothing  more  than  the  same  expression  found 
in  the  denominator  of  the  Hardy  Cross  equation  for  computing  loop 
flow  changes  (1-19).  The  sign  of  it  in  the  gradient  expression, 
like  the  sign  of  the  numerator  of  equation  (1-19),  the  head  imbal¬ 
ance  term,  determines  the  loop  flow  direction  (clockwise  or  counter¬ 
clockwise)  needed  to  improve  the  objective  value. 

Quindry,  Brill,  Liebman,  and  Robinson  [94]  correctly  note 
that  Alperovits  and  Shamir  [46]  did  not  include  the  interaction  of 
the  loop  constraints  with  the  other  loop,  source,  and  nodal  head 
constraints  in  their  gradient  expression  (5-51).  Interaction  occurs 
when  another  flow  constraint  on  the  same  loading  condition  has  at 
least  one  link  in  common  with  the  loop  whose  gradient  is  being  com¬ 
puted.  For  example,  in  the  example  problem  since  both  loops  share 
link  4,  there  is  interaction  between  both  loops  on  each  loading 
condition.  Thus  the  gradient  expression  (5-51)  becomes 


AH  FkU) 
QkU) 


(5-55) 


G. 
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3Z 
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3h. 


a(AQi) 


(5-56) 
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where  LC.  is  the  set  of  constraints  that  have  links  in  common  with 

i 

the  constraint  for  loop  i.  The  added  term  is  intended  to  take  into 
account  the  impact  on  other  constraints  resulting  from  flow  changes 
on  loop  i.  Quindry  et  al .  [94]  apply  the  corrected  gradient  to  a 
small  minimum  cost  optimization  problem  solved  by  Alperovits  and 
Shamir  [46]  and  obtained  an  8%  reduction  in  total  cost.  The  author 
duplicated  Quindry  et  al.'s  results  [94].  However,  applying  Quindry 
et  al.'s  correction  to  another  small  problem  in  [46],  minimum  total 
costs  increased  by  7%.  Since  these  results  were  only  for  small 
problems,  computational  tests  on  a  realistic  size  problem  were  per¬ 
formed.  The  formal  results,  presented  in  section  6. 5. 3. 3,  indicate 
that  Quindry  et  al.'s  gradient  expression  offers  no  advantage  and 
is  somewhat  less  consistent  than  Alperovits  and  Shamir's  gradient 
expression. 

Once  the  gradient  has  been  computed  the  magnitude  of  the 
flow  change  AQ.  must  be  determined.  Because  of  the  high  computa¬ 
tional  expense  of  evaluating  the  function  at  different  points,  i.e., 
changing  the  constraint  matrix  and  solving  the  new  CCP,  a  step 
length  method  is  used  rather  than  attempting  to  compute  the  optimal 
step  size.  Let  GMAX  be  the  absolute  value  of  the  maximum  loop 

k 

gradient  and  a  the  step  length  at  iteration  k  .  Then,  the  flow 


change  for  loop  i  at  interation  k  is 
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- -  a 

gmaxk 


(5-57) 


The  step  length  is  fixed  at  an  initial  value  and  reduced  by 
a  constant  factor  3  <  1  if  the  objective  value  worsens  on  consecu¬ 
tive  complementary  convex  problems.  To  reduce  the  considerable  com¬ 
putational  effort  associated  with  insignificant  loop  flow  change 

k 

quantities  only  loop  flow  changes  above  a  certain  magnitude  iQMIN 

k 

(proportional  to  a  )  are  implemented  in  the  constraint  matrix. 


5. 5. 2. 8  Termination  Criterion 

In  the  case  of  the  tree  distribution  system  the  solution 

algorithm  terminates  when  the  CCP  is  solved  since  no  flow  changes 

are  involved.  For  the  looped  distribution  system  termination  occurs 

when  a  local  optimum  solution  is  reached,  i.e.,  when  a  falls 

below  a  specified  value  a  .  (5  GPM),  or  when  the  maximum  number  of 

mm 

flow  iterations  is  exceeded  (MAXFLOIT). 

5.5.3  Formal  Statement  of  Solution  Algorithm 

The  following  is  a  formal  statement  of  the  solution 


algorithm: 


» 
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STEP  1 .  Initialize 

a.  Flow  iteration  k  =  1 

b.  Flow  distribution  0^ 

c.  Candidate  diameter  set 

d.  Nodal  head  constraint  set 

e.  Capital  pump  cost  coefficient 

f.  Step  length  oP 

g.  Optimal  objective  value  z*  =  -<*> 

h.  Previous  objective  value  CCP(Q  )  = 

i 

STEP  2.  For  flow  iteration  k  solve  the  linear  program  for  CCP(Qk). 

1 

I 

| 

t  STEP  3.  Check  for  convergence  of  capital  pump  cost  coefficient  and 

i 

l 

!  change  if  necessary. 

STEP  4.  Check  set  of  candidate  diameters  and  change  if  necessary. 

STEP  5.  Check  for  violation  of  relaxed  nodal  head  constraints  and 
change  if  necessary. 

i 

STEP  6.  Update  constraint  matrix  if  changes  made  in  STEPS  3,  4,  or 
5  and  GO  TO  STEP  2.  Otherwise  go  to  STEP  7. 

STEP  7.  If  CCP ( Qk )  >  i* ,  i*  =  CCP(3k). 


i 

4 
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STEP  3.  If  CCP(Ok)  <  CCP(Qk_1),  }k  *  3  2k"1 ,  otherwise  uk  =  ak"\ 

STEP  9.  If  oik  <  a  .  or  k  >  MAXFLOIT,  SO  TO  STEP  12. 
min 

n  k 

STEP  10.  Compute  loop  flow  change  vector  AQ  . 

STEP  11.  Change  flows  in  constraint  matrix,  i.e., 

Qk+1  =  Qk+  AQk.  Let  k  =  k  +  1.  GO  TO  STEP  2. 

STEP  12.  STOP. 

Appendix  D  presents  the  user's  manual  and  source  listing  of 
the  computer  model  developed  to  implement  the  solution  algorithm. 

5.5.4  Application  to  Example  Problem 

5.5.4. 1  Introduction 

In  this  section  we  apply  the  solution  algorithm  for  the 
lowest  level  model  of  the  hierarchical  system  to  the  detailed  design 
of  the  small  example  distribution  system  of  Figure  5-1.  First,  to 
illustrate  the  cost  of  redundant  links  and  to  assist  in  establishing 
a  cost  baseline,  the  minimum  costs  of  alternative  network  layouts 
for  the  normal  loading  condition  (Figure  5-2)  are  computed.  Next, 
using  the  normal  and  fire  demand  emergency  condition  (Figure  5-3), 
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the  core  tree  and  the  fully  looped  layout  are  designed  over  a  range 
of  alternative  budget  levels.  Finally,  a  broken  primary  link  emer¬ 
gency  loading  condition  (Figure  5-5)  is  added  and  the  detailed 
system  design  is  reaccomplished. 

5. 5. 4. 2  Minimum  Cost  Optimization  of  Alternative  Network  Layouts 

In  section  5. 3. 1.2  we  identified  the  core  tree  for  the 
example  distribution  system  (Figure  5-12)  which  consists  of  primary 
links  1,  2,  3,  4,  5,  6,  and  9  with  links  7  and  8  as  the  redundant 
links.  Separately  adding  either  redundant  link  to  the  core  tree 
result  in  a  single  loop  layout  (Figures  5-13  and  5-14)  while  adding 
both  redundant  links  gives  the  fully  looped  layout  (Figure  5-15). 

The  MINCOST  problem  was  solved  for  each  of  the  four  network 
layouts  for  the  normal  loading  only.  In  addition  to  the  data  in 
Figures  5-1  and  5-2,  other  major  parameters  common  to  each  optimi¬ 
zation  are  summarized  in  Table  5-2.  The  initial  and  optimal  flow 
distribution  along  with  the  optimal  nodal  heads  for  each  of  the  four 
network  layouts  are  illustrated  in  Figures  5-12  to  5-15.  A  summary 
of  the  results  of  each  optimization  is  presented  in  Table  5-3.  The 
detailed  link  design  for  the  core  tree  and  the  fully  looped  layouts 
are  presented  in  Tables  5-4  and  5-5,  respectively. 


4 


CORE  TREE  LAYOUT 

OPTIMAL  FLOW  AND  NODAL  HEAD  DISTRIBUTION 
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Table  5-2 

EXAMPLE  PROBLEM  DATA  SUMMARY 


LINK 

DATA 

PUMP  DATA 

Hazen-Wi 1 1 iams  Coefficient:  130 

No.  of  Parallel  Pumps:  3 

No.  of  Candidate 

Diameters/Link:  4 

Economic  Life:  15  yr 

Salvage  Value  Ratio:  . 1 

Salvage  Value  Ratio:  .10 

Economic  Life: 

30  yr 

Pump-Motor  Efficiency:  .75 

Maintenance  Cost 

:  S4/in/mile/yr 

Electricity  Cost:  $.04/kw-hr 

Utilization  Factor:  .114 

DIAMETER 

CAPITAL  COST/ FT 

Maintenance  Cost:  $4/hp/yr 

6 

10.2 

8 

14.8 

10 

19.7 

12 

24.9 

STORAGE  DATA 

14 

30.4 

16 

36.1 

Maximum  Height:  50  ft 

18 

42.0 

Capital  Cost:  $2000/ft 

20 

48.2 

Economic  Life:  30  yr 

OPTIMIZATION  PARAMETERS 

Initial  Step  Size:  a1  =  25  GPM 

Minimum  Step  Size:  a  .  =  6  GPM 
r  mm 

Step  Size  Reduction  Factor:  0  =  .6 

Ratio  of  Minimum  Flow  Change 
to  Step  Size:  .2 


NODAL  DATA 


Minimum  Nodal  Head:  90  ft 
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Table  5-5 


MINIMUM 

COST  LINK  DESIGN 
FULLY  LOOPED 

NORMAL 

LAYOUT 

LOADING  ONLY 

Link  No. 

Total 

Length 

(ft) 

Segment 

1 

Segment  2 

Diameter 

Length 

Diameter 

Length 

1 

3000 

16 

3000 

2 

2500 

6 

409 

8 

2091 

3 

1000 

14 

1000 

4 

1500 

8 

100 

10 

1400 

5 

3000 

6 

3000 

6 

3500 

14 

2728 

16 

772 

7 

4500 

6 

4500 

8 

5000 

6 

5000 

9 

100 

18 

100 
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The  results  of  Table  5-3  clearly  illustrate  the  conclusions 
of  Theorem  I  on  the  inherent  economy  of  the  core  tree.  Not  restricted 
by  loop  balancing  requirements ,  the  core  tree  design  is  able  to 
reduce  the  heads  at  the  extreme  demand  nodes,  3,  5,  and  6,  to  the 
minimum  value  of  90  feet. 

A  comparison  of  the  detailed  link  design  for  the  core  tree 
and  fully  looped  layout  provides  some  insight  into  the  role  of 
redundant  links.  Although  the  total  link  costs  increased  by  $6,303 
from  the  core  tree  to  the  fully  looped  layout,  the  total  cost  of 
the  primary  links  in  fact  actually  decreased  by  $609.  The  decrease 
in  primary  link  costs  resulted  from  the  diversion  of  flow  from  the 
primary  links  to  the  redundant  links.  This  flow  diversion  allowed 
the  primary  links  on  the  head  path  to  the  lowest  head  nodes  to 
decrease  their  diameters,  i.e.,  link  2  for  demand  node  3  and  link  6 
for  demand  node  6.  Thus,  the  addition  of  redundant  links  does  not 
necessarily  increase  the  total  link  costs  by  the  full  cost  of  the 
redundant  links. 

Each  of  the  minimum  cost  optimizations  assumed  that  there 
are  three  identical  pumps  operating  in  parallel  at  node  8  each  pro¬ 
viding  one-third  of  the  total  flow  rate  at  the  same  head  lift. 

Since  the  pump  capital  cost  function  is  also  concave  in  flow  rate 
for  fixed  head  lift,  the  cost  of  a  single  high  flow  capacity  pump 
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is  less  than  any  equivalent  number  of  smaller  flow  capacity  pumps 
operating  in  parallel .  The  use  of  parallel  pumps  serves  to  insure 
that  pump  failure  will  not  completely  degrade  system  performance  and 
provides  considerable  flexibility  in  efficiently  meeting  varying 
flow  demands.  To  assess  the  added  cost  of  parallel  pumping  Problem 
P13  was  solved  with  a  single  pump  for  both  the  core  tree  and  the 
fully  looped  layouts.  In  both  cases  the  total  system  costs  for  the 
single  pump  system  were  roughly  $500  less  than  that  of  the  multiple 
pump  system. 

5. 5.4. 3  Performance  Optimization  of  Single  Fire  Demand  Loading 

This  section  examines  the  results  of  applying  the  solution 
algorithm  to  solving  the  MAXWMIN  problem  for  the  fire  demand  loading 
shown  in  Figure  5-3.  Since  the  formulation  for  this  particular 
problem  has  been  discussed  in  considerable  detail  in  earlier  sec¬ 
tions  of  this  chapter,  the  emphasis  will  be  placed  on  presentation 
and  analysis  of  the  results.  For  comparison  purposes,  the  optimiza¬ 
tion  has  been  performed  for  both  the  core  tree  and  the  fully  looped 


network. 
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5. 5. 4. 3.1  Budget  Level  Selection 

Although  the  system  can  only  be  designed  for  a  single  budget 
level,  to  assist  the  decisionmaker  in  making  the  tradeoff  between 
cost  and  system  performance  it  is  best  to  provide  performance  data 
for  a  range  of  alternative  budget  levels.  To  compute  a  lower  bound 
for  BMAX  the  MINCOST  problem  was  solved  with  minimum  normal  and 
emergency  loading  demand  heads  at  90  and  46  feet  respectively.  The 
initial  flow  distribution  used  for  the  normal  loading  was  the  optimal 
flow  distribution  from  Figure  5-15.  The  initial  emergency  loading 
flow  distribution  was  derived  by  adding  the  additional  fire  demand 
flow  to  the  initial  normal  flow  or.  the  shortest  path  from  the  source 
node  to  the  fire  demand  at  node  6-  The  resulting  minimum  cost  for 
the  core  tree  layout  is  $50,533  and  for  the  fully  looped  layout 
$58,942.  Based  on  these  results,  the  performance  optimization  for 
the  core  tree  layout  started  at  BMAX  =  $50,000  and  for  the  fully 
looped  layout  at  BMAX  =  $55,000.  The  upper  budget  levels  were 
determined  during  the  course  of  the  optimization  procedure  which  is 
described  below. 

5. 5. 4. 3. 2  Optimization  Procedure 

The  following  procedure  was  used  to  insure  continuity  of 
results  over  the  range  of  budget  levels: 


rrsr 
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STEP  1.  Initialize  BMAX. 

STEP  2.  If  budget  constraint  is  loose,  STOP.  Otherwise,  GO  TO 
STEP  4. 

STEP  4.  Increment  BMAX  by  $5000.  Initialize  flow  distribution  and 
set  of  candidate  diameters  to  values  from  previous  optimal 
solution.  GO  TO  STEP  2. 

Convergence  to  a  local  optimum  solution  for  the  fully  looped  layout 
was  fairly  rapid  taking  only  a  few  iterations. 

5.5. 4. 3. 3  Normal  Loading  Pressure  Reducing  Value 

In  the  course  of  applying  the  above  procedure  to  the  example 
problem  unexpected  but  valid  results  in  the  behavior  of  the  normal 
pumping  head  led  to  a  small  but  important  change  in  both  the  system 
configuration  and  the  model  formulation.  Figure  5-16  shows  the  heads 
provided  by  the  elevated  storage,  the  normal  pump,  and  the  standby 
pump  for  various  budget  levels  for  the  core  tree  layout.  Starting 
at  BMAX  =  $50,000  the  normal  pump's  head  lift  increases  in  direct 
proportion  to  storage  height  increases.  Storage  height  increases 
are  driven  by  the  maximum  performance  objective  function.  Rewriting 
source  equation  (5-10)  in  a  slightly  different  form  we  have 


Figure  5-16 

EXTERNAL  ENERGY  CORE  TREE  LAYOUT  (NO  SOURCE  VALVE) 
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XP, (1 )  =  20  +  XS.  ±  I  AHF  (1)  (5-58) 

'  1  k  £  PATH..  .  k 

i  ,6 

Thus,  assuming  fixed  link  diameters  and  flows,  increases  in  the 
height  of  elevated  storage  results  in  increased  normal  pump  head 
lift.  However,  the  nodal  heads  under  the  normal  loading  condition 
are  not  part  of  the  objective  function  and  need  only  exceed  minimum 
levels  of  90  feet.  Figure  5-17,  which  shows  a  breakdown  of  system 
costs  with  increasing  budget  level  for  the  same  problem,  indicates 
that  link  costs  are  nondecreasing  and  that  total  pump  costs  account 
for  roughly  60%  of  the  $25,000  increase  in  budget  level.  Normal 
pumping  cost  increases,  which  include  expensive  energy  costs, 
account  for  roughly  80%  of  the  $15,000  increase.  The  physical 
result  is  that  the  minimum  nodal  head  on  the  normal  loading  condi¬ 
tion  at  BMAX  =  $75,000  is  almost  120  feet.  Similar  results  were 
encountered  on  the  performance  optimizations  of  the  fully  looped 
layout  for  one  and  two  emergency  loading  conditions. 

As  discussed  in  section  5. 5. 2. 6  unremovable  infeasibilities 
in  the  loop  or  source  equations,  i.e.,  nonzero  dummy  valve  variables, 
may  indicate  the  need  for  a  real  valve  in  the  system.  However,  in 
this  case  there  appears  to  be  a  need  for  a  real  valve  to  reduce 
the  head  provided  by  the  elevated  storage  under  the  normal  loading 


to  allow  the  normal  pump  to  operate  at  a  lower  head  but  at  the  same 
time  allow  the  extra  storage  head  to  be  available  in  case  of  emer¬ 
gency  loading  conditions.  This  was  done  by  setting  the  penalty 
costs  of  the  dummy  valves  on  the  normal  loading  source  equation  to 
zero  and  adding  an  upper  bound  equation  to  the  model  on  the  amount 
of  resistance,  RMAX,  that  the  valve  can  provide,  i.e., 


XP1 (1 )  -  XS1  ±  ^  A  HF^l)  +  XV|  ■  XV?  =  20 


k  e  PATH 


12 


(5-59) 


and 

XV*  +  XV’  <  RMAX  (5-60) 

xvj  corresponds  to  a  pressure  reducing  valve  located  at  the  elevated 
storage  reservoir  and  XV^  to  a  pressure  reducing  valve  at  the  pump 
station.  Also,  any  nodal  pressure  constraint  referencing  a  source 
node  with  an  active  valve  must  include  the  valve  to  properly  compute 
the  nodal  head.  To  implement  the  final  system  design  a  pressure 
reducing  valve  with  maximum  resistance  given  by  the  optimal  valve 
resistance  will  be  placed  in  the  system  for  use  under  the  normal 
loading  to  allow  the  system  to  balance.  Figures  5-18  and  5-19  show 
the  corresponding  changes  in  head  values  and  system  costs  for  the 
tree  layout  resulting  from  adding  the  normal  valve.  Although 
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normal  pumping  head  increases  slightly  over  the  budget  range,  this 
results  from  the  constraint  that  the  head  lift  of  the  standby  pump 
cannot  exceed  the  normal  pumping  head  lift.  Thus,  to  increase  the 
system  performance  once  the  storage  has  reached  its  maximum  height 
requires  the  normal  head  lift  also  to  increase  at  a  very  high  cost. 
All  subsequent  results  have  normal  loading  pressure  reducing  valves 
in  the  system.  Because  of  the  large  reduction  in  costs  from  this 
change,  the  budget  increment  was  reduced  to  $2,500  and  the  optimiza¬ 
tion  was  terminated  when  the  minimum  pressure  approached  normal 
minimum  requirements  of  90  feet. 

5. 5. 4. 3. 4  Discussion  of  Results 

Figure  5-20  shows  the  concave  cost  vs  performance  tradeoff 
curves  for  both  the  core  tree  and  fully  looped  network  layouts. 

Since  the  core  tree  can  satisfy  normal  loading  condition  require¬ 
ments  at  minimal  cost,  it  has  more  funds  than  the  looped  layout 
available  to  allocate  to  maximize  performance  on  the  fire  demand 
emergency  loading  condition.  However,  this  result  does  not  apply 
to  the  broken  link  emergency  loading  conditions. 

Analysis  of  the  performance/cost  curves  for  both  layouts 
reveals  three  distinct  sections: 
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1.  A  strictly  concave  section  at  low  budget  levels  where  small 
budget  increases  result  in  large  performance  increases. 

2.  A  linear  section  in  the  middle  where  performance  increases 
are  directly  proportional  to  budget  increases. 

3.  A  strictly  concave  section  at  the  end  where  performance 
increases  very  slowly  with  budget. 

The  first  section  corresponds  to  rapid  growth  in  the  cost  of  all 
budget  components,  link,  pump,  and  storage.  The  increasing  system 
performance  results  both  from  decreasing  frictional  head  loss  as 
link  diameters  increase  and  from  increasing  external  energy  from 
pumps  and  storage.  For  storage  elevation  the  added  head  is  linearly 
proportional  to  the  cost.  For  pump  head  lift  the  cost/head  lift 
relationship  is  mildly  concave.  For  link  k  the  frictional  head 
loss  AHF  is  inversely  proportional  to  the  link  diameter  D 

K  K 


AHF. 

k 


1 


(5-61) 


and  its  diameter  is  directly  proportional  to  its  cost  Ck 
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Substituting  for  in  (5-61)  and  differentiating  with  respect  to 

C,  ,  we  have 
k 


9(AHFk) 


(5-63) 


4  78 

which  is  equal  to  -3 . 78/ ( )  '  for  the  values  m  =  4.87  and 
=  1.29  used  in  the  computation.  This  result  indicates  that  the 
rate  of  reduction  in  frictional  head  loss  decreases  significantly 
with  the  amount,  Ck  ,  invested  in  link  k.  It  explains  the  sharp 
but  marginally  decreasing  performance  improvements  for  small  budget 
increases  above  the  minimum  budget  level. 

When  the  marginal  return  from  allocating  additional  funds  to 
increasing  link  diameters  decreases  sufficiently,  the  link  cost  com¬ 
ponent  and  the  link  design  stabilizes.  The  budget  increment  is  then 
completely  allocated  to  providing  increased  head  from  pumps  and 
storage.  Since  the  storage  costs  are  linear  and  the  pump  capital 
costs  are  mildly  concave,  the  performance  increase  on  the  second 
section  of  the  curve  is  almost  directly  proportional  to  the  budget 
increment. 


The  third  section  of  the  curve  begins  when  the  storage 
height  reaches  its  maximum  elevation  of  50  feet.  Further  small 
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performance  increases  require  a  combination  of  expensive  normal  pump 
head  increases  and  larger  diameter  links.  This  results  in  the  final 
strictly  concave  section  with  rapidly  decreasing  marginal  returns. 

5. 5.4.4  Performance  Optimization  of  Fire  Demand  and  Broken  Link 
Loading  Conditions 

As  discussed  in  Chapter  4,  broken  link  loading  conditions 
are  usually  taken  into  account  by  solving  the  set  or  flow  covering 
models.  However,  if  failure  of  a  specific  primary  link  could  have 
a  catastrophic  impact  on  the  system,  this  loading  condition  can  be 
incorporated  into  the  detailed  system  design.  The  purpose  of  this 
section  is  to  illustrate  the  model's  capability  to  handle  the 
broken  link  loading  condition  and  multiple  emergency  loading 
conditions. 

5. 5.4.4. 1  Broken  Link  Loading  Condition 

The  broken  link  loading  condition,  failure  of  primary  link  3, 
is  shown  in  Figure  5-5.  The  nodal  demands  are  average  daily  demands 
(1/2  peak  hour).  It  is  assumed  that  all  three  normal  pumps  are 
operating  and  that  their  common  head  lift  on  the  emergency  loading 
cannot  exceed  their  head  lift  on  the  normal  loading.  Path  con¬ 
straints  for  this  emergency  loading  are  written  in  the  usual  manner 
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except  that  no  constraint  for  the  loading  can  contain  link  3  and 
the  loop  associated  with  link  3  is  deleted. 

5. 5. 4. 4. 2  Discussion  of  Results 

5. 5. 4. 4. 2.1  Equal  Weights 

Using  the  same  procedure  as  in  section  5. 5. 4. 3,  the  MAXWMIN 
problem  was  solved  for  budget  levels  ranging  from  $62,500  to  $75,000 
in  $2,500  increments  with  equal  objective  function  weights  assigned 
to  each  loading.  The  behavior  of  the  total  performance/cost  curve 
in  Figure  5-21  displays  the  same  concave  pattern  previously  noted 
for  fire  demand  performance  alone.  However,  the  individual  loading 
head  curves,  although  monotonically  increasing,  do  not  share  the 
same  pattern.  This  result  is  not  unexpected  since  the  solution 
algorithm  must  allocate  the  given  budget  based  on  the  overall  system 
performance  on  all  emergency  loadings.  Figure  5-22  and  5-23  display 
the  optimal  nodal  and  head  distribution  for  BMAX  =  $70,000  for  the 
fire  demand  and  broken  link  loadings,  respectively. 

5. 5.4.4. 2. 2  Unequal  Weights 

Figure  5-24  illustrates  the  sensitivity  of  the  optimal  solu¬ 
tion  to  changes  in  emergency  loading  weighting  coefficients  for 
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BMAX  =  $70,000.  The  horizontal  axis  is  the  weighting  coefficient 
for  the  fire  demand  loading.  The  corresponding  broken  link  weight¬ 
ing  coefficient  is  found  by  subtracting  the  fire  demand  weighting 
coefficient  from  1.  The  total  objective  function  value  for  this 
particular  problem  is  not  especially  sensitive  to  small  changes  in 
the  weighting  coefficients.  As  the  fire  demand  loading  weighting 
coefficient  increases  the  optimal  solution  reallocates  funds  from 
increasing  the  diameters  of  links  2  and  7,  which  carry  the  water 
flow  formerly  transported  by  link  3,  to  increasing  the  head  on  the 
standby  pump. 

5. 5. 4. 4. 2. 3  System  Design  Comparison 

This  section  compares  the  minimum  cost  core  tree  layout  with 
the  maximum  performance  fully-looped  system  for  BMAX  =  $70,000. 

The  $24,177  cost  difference  between  the  two  systems  includes  $19,776 
for  links,  $2,577  for  storage  height,  and  $1,824  for  pumping.  Of 
the  added  link  costs  $12,258  was  allocated  to  redundant  links.  The 
height  of  the  storage  reservoir  increased  by  17.7  feet.  The  $1,824 
pumping  cost  increase  was  a  combination  of  a  $236  decrease  in  normal 
pumping  cost  and  $2,060  for  a  standby  pump  capable  of  providing  33.9 
feet  of  head  lift  at  a  flow  rate  of  roughly  2300  GPM.  A  comparison 
of  the  link  designs  from  both  optimizations  (Tables  5-4  and  5-6) 


246 


Table  5-6 

OPTIMAL  PERFORMANCE  LINK  DESIGN  FIRE  DEMAND  AND 
BROKEN  LINK  LOADINGS,  BMAX  =  $70,000 


Link  No. 

Total 

Length 

(ft) 

Segment 

1 

Segment 

2 

Diameter 

Length 

Diameter 

Length 

1 

3000 

16 

646 

18 

2354 

2 

2500 

8 

52 

10 

2448 

3 

1000 

13 

162 

20 

838 

4 

1500 

12 

241 

14 

1259 

5 

3000 

10 

98 

12 

2902 

6 

3500 

16 

3500 

7 

4500 

12 

4500 

8 

5000 

6 

4455 

8 

545 

9 


100 


18 


100 
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reveals  tnat  the  major  increases  in  link  diameter  occurred  in  links 
3,  4,  and  5,  all  of  which  played  a  significant  role  in  the  emergency 
loading  conditions. 

5,5.5  Overall  Assessment 

The  solution  algorithm  has  proven  itself  effective  for  solv¬ 
ing  the  MAXWMIN  problem  for  small  distribution  system  design  prob¬ 
lems.  Using  the  step-by-step  method  for  selecting  the  MAXWMIN 
initial  flow  distributions  described  in  section  5. 5. 2. 3  has  been 
particularly  helpful  in  accelerating  convergence  to  a  local  optimum. 
The  introduction  of  real  valves  on  the  source  path  for  multiple 
source  systems  has  allowed  a  more  realistic  design  of  the  system. 
Nevertheless,  the  true  test  of  the  solution  algorithm  must  be  its 
ability  to  design  realistic  size  systems  to  be  treated  in  Chapter  6. 


APPLICATION  OF  METHODOLOGY 


6.1  Introduction 

Chapters  3,  4,  and  5  developed  an  hierarchical  system  of 
mathematical  models  for  complete  design  of  a  water  distribution 
system.  Emphasis  was  placed  on  laying  a  firm  theoretical  foundation 
for  the  models.  Applications  of  the  solution  algorithms  were  limited 
to  small  example  problems  and  principally  for  illustrative  purposes. 
However,  for  the  system  of  models  to  be  truly  practical,  each  model 
must  be  capable  of  satisfactorily  handling  the  size  of  problem 
encountered  during  the  reconnaissance  phase  of  water  distribution 
system  design  (section  2.2).  This  chapter  applies  the  methodology 
developed  in  the  previous  chapters  to  a  realistic  distribution  system 
design  problem. 

Some  of  the  major  considerations  in  successful  application 
of  a  mathematical  computer  model  to  a  real  life  problem  include: 

1.  There  exists  real  limits  on  the  amount  of  computer  storage 


available. 


2.  The  confidence  that  can  be  placed  on  the  results  of  the 
model  is  heavily  dependent  on  the  accuracy  of  the  input 
data. 

In  the  course  of  applying  the  hierarchical  system  of  models  to  a 
realistic  size  distribution  system  design  problem,  certain  difficul¬ 
ties  arise  in  rigidly  applying  the  theoretical  model  to  the  real  life 
system.  These  difficulties  are  principally  encountered  in  the 
detailed  design  phase.  The  successful  resolution  of  this  conflict 
between  the  theoretical  model  formulation  and  the  practical  model 
application  form  an  important  part  of  this  research. 

6.2  Description  of  System 

The  design  methodology  was  applied  to  a  real  life  distribu¬ 
tion  system  analyzed  by  Alperovits  and  Shamir  [46].  To  reflect  the 
layout  problem  encountered  by  the  system  designer  during  the  recon¬ 
naissance  design  phase  the  final  network  layout  was  skeletonized, 
i.e.,  aggregation  of  smaller  nodal  demands,  and  additional  potential 
links  were  included  in  the  system. 

6.2.1  Distribution  System  Topology 

The  network  of  26  nodes  and  51  potential  links  is  shown  in 
Figure  6-1  including  link  lengths  and  nodal  elevations  in  feet. 
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Nodes  1-24  are  demand  nodes,  nodes  25  is  an  elevated  storage  reser¬ 
voir  and  node  26  is  a  pumping  station. 

6.2.2  Pumps 

Because  of  lack  of  data  on  the  actual  pumping  arrangement 
for  the  system  [46],  the  guidelines  of  Al-layla  et  al .  [26]  were 
used  for  the  normal  system  pumping  at  node  26.  Four  identical  pumps 
operating  in  parallel  are  used  on  the  normal  loading  condition.  Two 
identical  standby  pumps  are  available  to  replace  out-of-service 
normal  pumps.  A  variable  speed  pump  designed  to  operate  in  parallel 
with  the  normal-  pumps  is  available  to  provide  increased  fire  flow. 
Although  not  necessary  to  provide  the  required  fire  demand  flow, 
booster  fire  pumps  placed  in  series  with  the  other  pumps  at  the  pump 
station  at  node  26  and  in  series  with  the  elevated  storage  reservoir 
at  node  25  may  be  required  under  the  fire  demand  loading  condition 
to  increase  pressure  at  the  fire  demand  node.  That  is,  if  in  the 
optimal  solution  the  head-lift  for  a  specific  booster  pump  is  non¬ 
zero,  the  need  for  a  fire  booster  pump  is  indicated.  Section  6.2.4 
will  discuss  in  detail  the  relationship  between  the  pumps  described 
above  and  the  specific  loading  conditions  under  which  each  pump  is 
designed  to  operate. 
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6.2.3  Elevated  Storage  Reservoir 

The  elevated  storage  reservoir  at  node  25  has  a  capacity  of 
1.68  million  gallons  necessary  to  handle  normal  (peak  hour),  fire 
fighting,  and  reserve  demands.  The  cost  of  elevating  the  storage  res¬ 
ervoir  is  37000/ft  and  maximum  storage  elevation  is  50  feet  [46]. 

6.2.4  Loading  Conditions 

6. 2.4.1  Normal 

Figure  6-2  shows  the  normal  (peak  hour)  loading  conditions. 

6. 2. 4. 2  Emergency 

Based  on  Insurance  Service  Office  [77]  and  state  [65,  67] 
and  municipal  [66]  guidelines,  two  fire  demand  emergency  loading 
conditions  were  selected. 

1.  Fire  demand  of  7500  GPM  at  node  9. 

The  flow  for  this  demand  will  be  supplied  from  the  nearest  source-- 
the  pumping  station  at  node  26.  Consistent  with  fire  insurance 
guidelines  [80],  this  loading  condition  assumes  that  two  normal 
pumps  are  out  of  service  and  are  replaced  by  the  two  identical 
standby  pumps.  An  additional  variable  speed  pump  will  be  operating 
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in  parallel  with  the  other  4  pumps  providing  the  additional  7500  GPM 
fire  demand  flow. 

2.  Fire  demand  of  3000  GPM  at  node  22. 

The  flow  for  this  fire  demand  will  be  supplied  from  the  nearest 
source--the  elevated  reservoir  at  node  25.  Because  of  the  remote¬ 
ness  of  this  fire  demand  and  the  relatively  small  normal  demand  in 
this  area,  two  booster  pumps--one  in  series  with  the  elevated  stor¬ 
age  reservoir  and  the  other  in  series  with  the  other  pumps  at  the 
pumping  station--have  been  added  to  the  network  configuration  to 
allow  the  system  to  add  additional  pressure  to  the  fire  demand  node. 

Consistent  with  standard  practice  [80]  both  of  the  above 
fire  demands  are  assumed  to  occur  simultaneously  with  the  normal 
loading  condition  but  not  simultaneously  with  one  another. 

6.3  Selection  of  Tree  Layout 

6.3.1  Introduction 

The  first  level  model  in  the  hierarchical  system  selects  the 
layout  of  the  minimal  cost  tree,  i.e.,  the  core  tree.  Applying  the 
Matrix  Tree  Theorem  for  Graphs  (section  3.3.1),  there  are  more  than 
6.5  x  1010  possible  spanning  tree  layouts  making  enumeration  and 
optimization  of  all  possible  tree  layouts  impractical.  This  section 
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applies  the  shortest  path  tree  and  nonlinear  minimum  cost  flow 
models  to  selecting  the  layout  along  with  the  intuitively  appealing 
minimal  spanning  tree  model.  It  concludes  with  a  comparison  of  the 
two  candidate  models. 

6.3.2  Shortest  Path  Tree  Model 

6.3.2. 1  Assignment  of  Demand  Nodes  to  Sources 

To  use  the  shortest  path  tree  model  for  a  multiple  source 
system  we  must  first  assign  demand  nodes  to  their  primary  sources. 
Using  the  normal  loading  external  flows  (Figure  6-2)  and  the  link 
lengths  (Figure  6-1),  application  of  the  linear  minimum  cost  flow 
problem  (Problem  P4)  assigns  demand  nodes  1-15  to  source  node  26  and 
demand  nodes  16-24  to  source  node  25. 

6. 3. 2. 2  Application  of  Model 

Since  the  links  are  assumed  to  have  unlimited  flow  capaci¬ 
ties,  the  optimal  solution  of  the  minimum  cost  flow  problem  of  the 
previous  section  transports  water  from  the  source  to  the  demand 
nodes  it  supplies  along  the  shortest  path  between  them.  Thus,  the 
links  with  nonzero  flow  in  the  minimum  cost  flow  solution  are  also 
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the  links  in  the  shortest  path  tree  for  each  source  which  is  shown 
in  Figure  6-3. 

To  form  the  core  tree  for  the  system  we  must  select  a  pri¬ 
mary  link  to  connect  the  separate  spanning  trees.  Although  the 
choice  is  somewhat  arbitrary,  two  good  candidates  are  the  shortest 
link  between  the  two  trees,  link  33,  and  the  link  completing  the 
shortest  path  between  the  two  sources,  link  28.  Althcuth  link  33 
was  chosen  based  on  cost  considerations,  because  in  a  distribution 
system  with  balancing  storage  water  will  be  flowing  from  node  26 
into  the  elevated  storage  reservoir  at  node  25  during  periods  of 
low  demand,  link  28  is. a  good  alternate  choice. 

6. 3. 2. 3  Minimum  Cost  Design 

Using  only  a  single  pump  at  node  26,  the  minimum  cost  for 
the  shortest  path  core  tree  layout  (Figure  6-4)  was  found  to  be 
$134,707  including  $95,859  for  links,  $28,649  for  pumping  (15.4 
feet  head  lift),  and  $10,199  for  storage  (20.0  feet  elevation). 
Since  this  system  has  no  reliability  in  case  of  link  failure,  pump 
outage,  or  fire  demand  in  excess  of  normal  demand,  its  cost  repre¬ 
sents  a  baseline  for  assessing  the  cost  of  increasing  system 
rel iabil ity. 
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6.3.3  Nonlinear  Minimum  Cost  Flow  Model 

6.3.3. 1  Application  of  Model 

Mylander's  linear  programming  code  LPREVISE  [95]  was  modi¬ 
fied  to  use  the  A-method  of  separable  programming  to  solve  the  non¬ 
linear  minimum  cost  flow  model.  The  resulting  program  with  128  rows, 
408  structural  columns,  and  1448  nonzero  elements  (density  2.11  per¬ 
cent)  took  459  linear  programming  iterations  and  284  seconds  of  CPU 
time  on  the  University  of  Texas  CDC  6400/6600  computer  system.  The 
high  CPU  time  is  attributable  to  implementation  of  the  restricted 
basis  entry  criterion.  The  resulting  tree  layout  is  shown  in 
Figure  6-5. 

6. 3. 3. 2  Minimum  Cost  Design 

Again  using  only  a  single  pump  at  node  26,  the  minimum  cost 
design  for  the  resulting  network  layout  was  found.  The  total  cost 
of  this  system  is  $129,679  including  $89,859  for  links,  $28,787  for 
pumping  (15.5  feet  for  head  lift),  and  $11,033  for  storage  (21.7 
feet  elevation).  The  cost  reduction  of  $5,028  from  the  shortest 
path  tree  layout  is  principally  due  to  the  $6,000  reduction  is  link 
costs  which  the  nonlinear  flow  model  is  expressly  designed  to 


minimize. 
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6.3.4  Minimal  Spanning  Tree  Model 

The  concept  behind  this  intuitively  appealing  model  is  to 
minimize  the  sum  of  link  costs  by  installing  a  minimum  length  tree 
layout.  For  our  problem  the  minimal  spanning  tree  layout  is  shown 
in  Figure  6-6.  The  minimum  cost  for  this  layout  is  $156,464  delud¬ 
ing  $112,037  for  links,  $28,775  for  pumping  (15.5  feet  head  lift) 
and  $15,652  for  storage  (30.8  feet  elevation).  This  is  roughly  a  20% 
increase  in  cost  over  the  other  two  models  principally  due  to  the  need 
to  install  larger  diameter  links  to  accommodate  higher  link  flows  and 
to  elevate  the  storage  reservoir  another  10  feet.  In  addition  to 
its  increased  cost,  because  of  the  high  link  flows  and  extended 
structure,  the  minimal  spanning  tree  is  considerably  more  vulnerable 
to  primary  link  failure  than  the  other  tree  layouts. 

6.3.5  Analysis  of  Results 

6.3. 5.1  Tree  Structure 

A  comparison  of  the  shortest  path  tree  layout  (Figure  6-4) 
and  the  nonlinear  minimum  cost  flow  tree  layout  (Figure  6-5)  reveals 
similar  tree  structures  especially  along  the  links  carrying  large 
quantities  of  flow  leaving  each  of  the  sources,  i.e.,  links  3,  8, 

7,  8,  11,  and  14  for  node  26  and  links  37,  38,  and  39  for  node  25. 


In  other  sections  the  trees  complement  each  other,  e.g.,  links  1  and 
4,  and  6  and  25.  As  expected,  the  shortest  path  tree  shows  a  ten¬ 
dency  to  branch  directly  to  demand  nodes  with  slightly  more  links 
leaving  well  positioned  nodes  5  and  17.  This  branching  tendency 
leads  to  less  vulnerability  in  case  of  primary  link  failure  as  evi¬ 
denced  by  lower  link  flows  on  major  primary  links  11,  14,  19,  37, 
and  38. 

6. 3. 5. 2  System  Cost 

In  section  5. 3. 2. 6. 2  the  capital  costs  of  the  system  were 
converted  to  equivalent  uniform  annual  costs  (EUAC)  to  allow  the 
capital  and  operating  costs  to  be  combined  in  a  single  budget. 

Since  the  operating  costs  of  both  tree  layouts  are  almost  identical, 
it  appears  more  appropriate  to  directly  compare  the  initial  capital 
costs  of  each  layout,  i.e.,  the  value  of  the  bond  issued  to  finance 
the  capital  costs,  to  accurately  assess  the  impact  of  using  the 
different  models.  The  cost  breakdown  in  Table  6-1  shows  a  link 
capital  cost  savings  of  $83,506  and  overall  capital  savings  of 
$71,809  resulting  from  the  nonlinear  flow  tree  layout.  This 
result  provides  a  significant  counterexample  to  Bhave's  assertion 
[49]  of  the  general  optimality  of  the  shortest  path  tree.  This 
cost  reduction  can  be  attributed  to  the  fact  that  the  nonlinear 
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minimum  cost  flow  model  takes  into  account  not  only  the  link  length 
but  also  the  link  flow  distribution,  the  actual  link  capital  costs, 
and  the  individual  link  roughness  coefficients. 

6. 3. 5. 3  Computational  Cost 

The  shortest  path  tree  model  took  considerably  less  time  to 
set  up  and  to  solve  on  the  computer  than  the  nonlinear  flow  model. 
This  fact  is  a  direct  reflection  of  the  relative  complexity  of  the 
two  models.  However,  from  a  practical  viewpoint  neither  model  took 
an  excessive  amount  of  time  compared  to  the  other  proposed  tech¬ 
niques  (section  3.3). 

6. 3. 5. 4  Overall  Assessment 

The  results  of  Table  3-2  (section  3. 3. 4. 4)  demonstrated  that 
evaluation  of  a  particular  layout's  tree  path  length  or  nonlinear 
flow  cost  is  an  accurate  measure  of  the  actual  cost  of  the  tree 
layout.  Table  6-2,  which  presents  the  shortest  path,  nonlinear 
flow,  and  minimal  spanning  trees  for  the  three  measures  used  to 
derive  them,  further  confirms  the  capability  of  the  tree  path 
length  and  nonlinear  flow  cost  criteria  to  discriminate  between 
economical  and  expensive  core  tree  layouts. 
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Based  on  the  cost  reduction  achieved  by  using  the  nonlinear 
minimum  cost  flow  model,  the  increased  computational  burden  of  the 
nonlinear  minimum  cost  flow  model  appears  worthwhile.  Moreover, 
because  of  the  gross  simplifications  implicit  in  the  shortest  path 
tree  model,  the  potential  for  significant  cost  savings  over  the 
wide  range  of  distribution  system  design  problems  from  using  the 
nonlinear  minimum  cost  flow  model  is  considerable. 

6 . 4  Selection  of  Redundant  Links 

6.4.1  Introduction 

The  next  level  model  in  our  hierarchical  system  is  res  >n- 
sible  for  selecting  the  redundant  links  to  complete  the  network 
layout.  This  section  will  apply  both  the  set  covering  model 
(Problem  P6)  and  the  flow  covering  model  (Problem  P7)  to  the  short¬ 
est  path  and  minimum  nonlinear  cost  tree  layouts  (Figure  6-4  and 
6-5)--the  outputs  of  the  first  level  models.  This  section  will 
conclude  with  a  comparison  of  the  candidate  models. 

6.4.2  Failure  Analysis  of  Tree  Layout 

For  a  multiple  source  system,  failure  analysis  requires  two 


major  steps: 
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1.  Identification  of  redundant  links  capable  of  covering  the 
failure  of  each  primary  link  (section  4.3.3). 

2.  Identification  of  primary  links  on  all  source-to-source 
paths  whose  diameter  may  be  increased  to  cover  failure  of 
another  primary  link  on  the  source-to-source  path 
(section  4.4.4). 

6.4.2. 1  Shortest  Path  Tree  Layout 

Table  6-3  presents  a  failure  analysis  of  the  shortest  path 
tree  layout.  To  assist  in  following  this  analysis  the  shortest 
path  tree  with  average  daily  demands  and  the  non-tree  (candidate 
redundant  links)  is  shown  in  Figure  6-7.  Column  1  of  the  table  is 
the  failed  primary  link.  Column  2  is  the  set  of  demand  nodes  cut¬ 
off  from  the  primary  source  by  the  primary  link  failure.  Column  3 
is  the  set  of  candidate  redundant  links  capable  of  covering  the 
failure  of  the  primary  links.  These  are  the  nonzero  elements  in 
the  primary  link  covering  constraints  (equations  (4-6)  and  (4-10)). 
Column  4  is  the  minimum  required  flow  capacity  (d.)  of  the  redun¬ 
dant  and  primary  links  serving  the  set  of  nodes  disconnected  from 
their  principal  source  by  the  primary  link  failure  in  the  flow 
covering  model  (Problem  P7).  This  quantity  is  initially  set  equal 
to  the  average  daily  flow  rate  to  the  disconnected  set  of  nodes. 


269 


AD-A105  412  AIR  FORCE  INST  OF  TECH  WRIGHT-PATTERSON  AFB  OH 

A  HETHOOOLOOY  FOR  OPTIMAL  DESIGN  OF  mater  distribution 
OEC  79  W  F  ROWELL 
UNCLASSIFIED  AFI T-C 1-79-2340 


F/G  13/2 
SYSTEMS. (U) 


271 


i.e.,  1/2  the  normal  demand  (peak  hourly).  The  minimum  flow  capa¬ 
city  requirements  for  the  primary  links  on  the  source-to-source  path 
(starred  in  the  table)  were  subsequently  reduced  by  360  GPM  since 
the  minimum  diameter  of  the  links  on  the  source-to-source  path  in 
the  MINCOST  optimization  (section  6. 3. 2. 3)  is  6  inches  (link  33). 
Column  5  is  the  corresponding  minimum  link  covering  requirement  (r.) 
for  the  set  covering  problem  (Problem  P6).  The  requirements  for 
primary  links  on  the  source-to-source  path  are  likewise  reduced  by 
1  to  reflect  the  alternate  supply  source. 

Table  6-4  presents  a  bottleneck  link  analysis  of  the  primary 
links  on  the  source-to-source  path:  Column  1  is  the  set  of  links 
on  the  source-to-source  paths  which  are  candidates  for  diameter 
increases.  Column  2  is  the  link's  optimal  diameter  in  the  shortest 

path  tree's  MINCOST  optimization  and  Column  3  the  accompanying 

2 

empty  flow  capacity  (10  D^).  The  entries  in  columns  4-9  are  the 
average  excess  flow  capacity  for  the  primary  links  in  column  1 
available  in  case  of  failure  of  the  primary  links  in  each  column 

(QMAXr  -  Qk  ) 
i 

(section  4.4.4).  The  link  where  the  minimum  excess  capacity  is 
achieved  is  the  primary  bottleneck  for  the  failure  of  link  i 
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Table  6-4 

BOTTLENECK  LINK  ANALYSIS  OF  SHORTEST  PATH  TREE  LAYOUT 


LINK 

NO. 

LINK 

DIAMETER 

(IN) 

EMPTY 
FLOU 
CAP  AC  IT' 
(GPM) 

AVERAGE  EXCESS  FLOW  CAPACITY  (GPM) 
AFTER  FAILURE  OF  PRIMARY  LINK  NO. 
(EQCAP. ) 

1  * 

I 

11 

14 

19 

29 

37 

38 

11 

28 

7840 

X 

X 

X 

X 

5500 

5500 

14 

16 

2560 

2560 

X 

X 

X 

895 

895 

19 

10 

1000 

1000 

X 

X 

X 

510 

510 

29 

8 

640 

640** 

640** 

640** 

X 

375** 

375** 

33 

6 

360 

360* 

360* 

360* 

360* 

360* 

360* 

37 

18 

3240 

1905 

1905 

1905 

1905 

X 

X 

38 

16 

2560 

1470 

1470 

1470 

1470**  2560 

X 

x  =  Failed  link  or  link  on  path  from  disconnected  source. 
*  =  Primary  bottleneck. 

**  *  Secondary  Bottleneck 
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(single  star)  and  the  minimum  excess  flow  capacity  is  EQCAP  (equa¬ 
tion  (4-14)).  The  secondary  bottlenecks  are  indicated  by  two  stars. 

Since  link  33  is  the  primary  bottleneck  for  all  link  fail¬ 
ures,  we  will  consider  incorporating  the  decision  to  increase  the 
minimum  link  diameter  on  link  33  from  6  to  8  inches.  For  links  11, 
14,  17,  and  18  increasing  link  33  to  8  inches  gains  280  GPM  and  for 
links  37  and  38,  15  GPM.  The  cost  for  this  increase  is 

<3  -  6  )  L33  ' 

6. 4. 2. 2  Nonlinear  Minimum  Cost  Flow  Tree  Layout 

The  failure  analysis  for  the  nonlinear  minimum  cost  flow 
tree  layout  (see  Figure  6-8)  is  similar  to  the  shortest  path  tree 
analysis  and  is  presented  in  Table  6-5.  Likewise,  the  accompanying 
bottleneck  analysis  is  presented  in  Table  6-6. 

6.4.3  Set  Covering  Model 

The  search  enumeration  0-1  integer  programming  code  RIP30C 
(Geoffrion  and  Nelson  [96])  was  used  to  solve  both  the  set  covering 
and  flow  covering  models.  The  general  procedure  was  to  run  RIP30C 
until  either  all  possible  solutions  were  enumerated,  i.e.,  an  opti¬ 
mal  solution  was  found,  or  approximately  200  CPU  seconds  elapsed. 


LOADING  CONDITION  (1/2  NORMAL  DEMAND) 
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Table  6-6 

BOTTLENECK  LINK  ANALYSIS  OF  NONLINEAR  MINIMUM 
COST  FLOW  TREE  LAYOUT 


LINK 

NO. 

LINK 

DIAMETER 

(IN) 

EMPTY 

FLOW 

CAPACITY 

(GPM) 

AVERAGE  EXCESS  FLOW  CAPACITY  (GPM) 
AFTER  FAILURE  OF  PRIMARY  LINK  NO. 
(EQCAP  ) 

11 

14 

19 

29 

37 

38 

11 

30 

9000 

X 

X 

X 

X 

7115 

7115 

14 

18 

3240 

3240 

X 

X 

X 

1045 

1045 

19 

14 

1960 

1960 

1960 

X 

X 

840 

840 

29 

8 

640 

640** 

640** 

640** 

X 

375** 

375** 

33 

6 

360 

360* 

360* 

360* 

360* 

360* 

360* 

37 

18 

3240 

1810 

1810 

1810 

1810 

X 

X 

38 

16 

2560 

1375 

1375 

1375 

1375** 

2560 

X 

x  =  Failed  link  or  link  on  path  from  disconnected  source. 
*  =  Primary  bottleneck. 

**  =  Secondary  bottleneck. 
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Although  this  procedure  did  not  always  guarantee  the  optimal  solu¬ 
tion,  in  those  cases  where  the  time  limit  was  reached,  the  best 
solution  was  almost  always  found  within  the  first  20  seconds  and 
the  remainder  of  the  200  seconds  spent  eliminating  inferior  solu¬ 
tions.  The  above  procedure  was  adopted  to  avoid  the  excessive 
computational  cost  of  obtaining  only  a  marginally  better  solution. 

6. 4. 3. 2  Results 

The  results  of  applying  the  set  covering  model  (Problem  P6) 
to  the  shortest  path  tree  layout  is  depicted  in  the  full  network 
layout  of  Figure  6-9.  All  links  were  assumed  to  have  the  same  mini¬ 
mum  diameter  of  6  inches.  The  associated  equivalent  uniform  annual 
cost  was  $13,727. 

The  results  of  applying  the  set  covering  model  to  the  non¬ 
linear  minimum  cost  flow  tree  layout  is  shown  in  the  full  network 
layout  of  Figure  6-10.  The  total  equivalent  uniform  annual  cost 
was  $19,543. 


REDUNDANT  LINKS  SHORTEST  HATH  TREE  LAYOUT  SET  COVERING  PIIOIIUH 


COVERING  PROBLEM 
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6.4.4  Flow  Covering  Model 

6.4.4. 1  Introduction 

To  apply  the  flow  covering  model  (Problem  P7)  an  appropri¬ 
ate  set  of  minimum  candidate  diameters  S,  must  be  chosen  for  each 

k 

link.  Since  most  municipal  systems  use  6  or  8  inch  minimum  diame¬ 
ters,  these  were  chosen  as  the  two  candidates.  Since  average  daily 
flow  can  vary  from  1/2  to  1/4  of  normal  (peak  hour)  demand,  the 
problem  was  solved  separately  for  minimum  flow  requirements  (dj 
of  1/2,  1/3,  and  1/4  normal  demand. 

6. 4. 4. 2  Results 

Figure  6-11  depicts  the  full  network  layout  resulting  from 
solving  the  flow  covering  problem  for  the  shortest  path  tree  layout 
with  average  daily  flow  equal  to  1/2  normal  flow  demand.  The  total 
equivalent  uniform  annual  cost  for  the  redundant  links  is  $22,572. 
Figures  6-12  and  6-13  show  the  resulting  network  for  1/3  and  1/4 
normal  flow  demand  which  had  costs  of  $19,612  and  $14,830, 
respectively. 

For  the  nonlinear  minimum  cost  flow  core  tree  the  flow 
cover  for  1/2  normal  demand,  shown  in  Figure  6-14,  has  a  cost  of 
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525,594.  The  flow  covers  for  1/3  and  1/4  normal  demand  (not  shown) 
have  costs  of  $21,602  and  $16,986  respectively. 

6.4.5  Analysis  of  Results 

6.4. 5.1  Layout  Structure 

Analysis  of  the  full  network  layouts  reveals  a  remarkable 
stability  in  the  structure  of  the  networks.  Solutions  obtained 
using  the  set  covering  model  for  each  tree  layout  contain  with 
minor  variation  the  same  set  of  links  as  the  corresponding  flow 
covering  solutions.  Also,  among  the  different  flow  covering  solu¬ 
tions  for  each  tree  layout  the  redundant  link  design  remains  stable 
simply  lowering  diameters  as  the  flow  requirements  decrease.  This 
redundant  link  design  stability  suggests  that  for  a  given  core  tree 
layout  and  normal  flow  distribution  there  is  a  natural  set  of  eco¬ 
nomical  redundant  links  that  best  defend  the  system  from  primary 
link  failure. 

6.4. 5. 2  Computational  Cost 

Table  6-7  presents  a  summary  of  the  computational  experience 
in  solving  the  set  and  flow  covering  problems  using  RIP30C.  The 
first  column  under  each  tree  layout  is  the  total  CPU  time  to  run  the 


287 


problem.  The  second  column  is  the  CPU  time  at  which  the  best  feas¬ 
ible  solution  was  found.  The  third  column  is  the  percentage  of 
feasible  solutions  enumerated  by  the  algorithm  at  termination.  If 
all  feasible  solutions  have  been  enumerated  (100%),  we  are  guaranteed 
an  optimal  solution  has  been  found. 

As  expected,  the  set  covering  problems  containing  approxi¬ 
mately  20  equations  and  25  decision  variables  were  considerably  easier 
to  solve  than  the  flow  covering  problems  with  approximately  45  equa¬ 
tions  and  50  decision  variables.  In  general,  the  algorithm  finds  a 
good  solution  for  the  flow  covering  problem  very  quickly  and  spends 
the  majority  of  its  time  verifying  its  optimality.  Also,  for  the 
flow  covering  problem,  the  lower  the  minimum  flow  requirements  the 
faster  the  problem  is  solved. 

6. 4. 5. 3  Overall  Assessment 

Thus,  in  general  the  set  covering  problem  (Problem  P6)  because 
of  its  size  is  significantly  easier  to  solve  computationally  than  the 
flow  covering  problem  (Problem  P7).  Although  it  does  not  provide  the 
detailed  information  on  the  best  diameters  to  install  on  the  redundant 
links,  its  selection  of  redundant  links  seems  to  agree  well  with  the 
results  of  comparable  flow  covering  problems. 
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In  light  of  these  results  it  appears  that  a  two-step  proce¬ 
dure  using  both  models  can  be  used  to  reduce  the  overall  computa¬ 
tional  burden  and  also  provide  detailed  design  information.  The 
first  step  involves  solving  the  set  covering  problem  using  all  can¬ 
didate  redundant  links  to  screen  out  undesirable  links.  In  the 
second  step  a  set  of  candidate  diameters  is  selected  for  each  of  the 
optimal  redundant  links  from  the  first  step  and  the  appropriate 
reduced  flow  covering  problem  is  solved  for  the  minimum  link  diam¬ 
eters.  The  screening  process  of  the  first  step  significantly  reduces 
the  number  of  decision  variables  for  the  flow  covering  problem  while 
still  assuring  a  good  set  of  redundant  links  from  which  to  select. 
Applying  the  above  two-step  procedure  to  the  shortest  path  tree  lay¬ 
out  problem  with  flow  covering  at  one-half  normal  demand  resulted  in 
a  total  combined  CPU  time  of  .75  seconds  (.70  for  the  set  covering 
problem  and  .05  for  the  reduced  flow  covering  model)  versus  more  than 
200  CPU  seconds  using  the  full  flow  covering  model. 

6.5  Detailed  System  Design 

6.5.1  Introduction 

The  detailed  system  design  was  performed  for  the  fully  looped 
network  shown  in  Figure  6-11.  However,  before  examining  the  details 
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of  the  design,  we  will  discuss  the  difficulties  encountered  in  apply¬ 
ing  the  solution  algorithm  to  a  realistic  size  problem  and  the  steps 
taken  to  make  the  algorithm  practical  for  its  intended  application. 
Next,  we  will  use  the  MINCOST  optimization  problem  to  assist  us  in 
selecting  initial  flow  distributions  and  budget  levels  for  the  MAXWMIN 
optimization  problem.  Next,  we  will  present  the  results  of  computa¬ 
tional  tests  of  Shamir  and  Alperovits’  gradient  [46]  (Equation  5-51), 
Quindry  et  al.'s  [94]  (Equation  5-56)  gradient  with  interaction  terms, 
and  the  conjugate  gradient  with  Beale  restarts  [97].  Finally,  we  will 
apply  the  modified  solution  algorithm  to  the  MAXWMIN  performance  prob¬ 
lem,  discuss  implementation  of  the  resulting  design,  and  discuss 
alternative  applications  of  the  detailed  design  model. 

6.5.2  Model  Modifications 

Anticipating  time  and  storage  problems  associated  with  solving 
a  realistic  size  problem,  several  changes  (most  of  which  have  been 
discussed  in  Chapter  5)  had  already  been  made  to  the  solution 
algorithm. 

1.  Reduction  in  the  number  of  candidate  diameters  in  each  link 

to  3  (at  any  iteration)  (section  5. 5. 2. 4). 


2.  Limiting  the  number  of  minimum  head  constraints  and  exchang¬ 
ing  slack  constraints  for  violated  constraints  (sec¬ 
tion  5. 5.2.2) . 

3.  Restricting  upward  expansion  of  the  set  of  candidate  diam¬ 
eters  once  a  feasible  MAXWMIN  solution  is  obtained  (sec¬ 
tion  5. 5.4. 3) . 

4.  Coupling  a  Hardy  Cross  network  balancer  with  the  initial 
optimal  flow  solution  to  accelerate  reaching  an  initial 
feasible  solution  (section  5. 5. 2. 3). 

5.  Installing  a  compact  pointer  system  to  reference  links  in 
pressure  equations. 

6.  Reducing  the  size  of  the  linear  program  matrix  by  incorpor¬ 
ating  the  positive  loop/source  dummy  values  (XV..  +  )  as  part 
of  the  initial  basic  feasible  solution. 

7.  Reducing  the  size  of  the  linear  program  matrix  by  allowing 
the  user  to  tailor  the  number  of  loops  in  each  loading  as 
necessary. 

However,  unforeseen  problems  developed  in  trying  to  rigidly  apply  the 
solution  algorithm  to  a  realistic  size  problem.  The  major  difficul¬ 


ties  involved  were: 


1.  Excessive  time  for  updating  the  constraint  matrix  and  re¬ 
solving  the  linear  program  due  to  the  large  number  of  loop 
constraints. 

2.  Inability  to  find  a  feasible  (balanced)  flow  distribution  on 
all  loading  conditions  and  frequent  infeasible  flow  distri¬ 
butions  even  after  feasibility  had  been  achieved. 

3.  Flow  changes  frequently  resulting  in  the  linear  program 
itself  having  no  feasible  solution,  i.e.,  unable  to  find  a 
solution  satisfying  minimum  nodal  pressure,  constraints. 
Unlike  an  infeasible  (unbalanced)  flow  distribution,  this 
type  of  infeasibility  automatically  terminates  the  solution 
algorithm. 

4.  Singular  or  almost  singular  constraint  matrix  due  to  identi¬ 
cal  or  almost  identical  flow  distribution  on  the  same  loop 
on  different  loading  conditions. 

The  first  three  problems  led  to  a  close  re-examination  of  the 
model's  requirement  for  simultaneously  balancing  all  loops  on  all 
loading  conditions.  Unlike  conventional  network  balancing  techni¬ 
ques  (Hardy-Cross,  Newton-Rhapson)  where  link  diameters  are  fixed  and 
flow  changes  are  made  until  the  imbalance  is  within  a  certain  toler¬ 
ance,  the  solution  algorithm  attempts  to  balance  all  loadings  by 
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both  changing  link  diameters  and  loop  flow  distributions.  For  a 
balanced  solution  all  loops  are  balanced  exactly,  i.e.,  zero  toler¬ 
ance.  Because  of  the  large  penalty  associated  with  any  loop  imbal¬ 
ance  (1  x  1010  per  foot  of  imbalance),  the  loop  flow  changes  and 
link  diameters  are  extremely  responsive  to  any  imbalance.  Thus,  the 
model  and  solution  algorithm  place  a  high  priority  on  balancing  the 
network,  often  to  the  detriment  of  cost  and  performance  considera¬ 
tions  . 

For  a  single  loading  condition,  i.e.,  known  nodal  supplies 
and  demands,  and  the  availability  of  a  sufficiently  wide  range  of 
pipe  diameters,  there  is  no  difficulty  in  finding  a  balancing  com¬ 
bination  of  link  diameters  and  flows.  However,  with  multiple  load¬ 
ing  conditions  having  considerably  different  nodal  supplies  and 
demands,  the  existence  of  a  feasible  solution,  i.e.,  all  loops  on 
all  loading  conditions  balanced,  is  by  no  means  guaranteed.  Further¬ 
more,  with  multiple  conflicting  flow  distributions  a  feasible  solu¬ 
tion  at  one  flow  iteration  may  not  be  feasible  after  the  next  flow 
change  due  to  the  combination  of  a  small  feasible  region  and  the 
solution  algorithm's  desire  to  push  the  flow  distribution  in  the 
direction  of  increasing  performance  or  reducing  costs. 

What  is  the  significance  of  the  level  of  imbalance  to  the 
system  designer?  To  properly  answer  this  question  we  must  examine 
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the  meaning  of  steady  state  flow  and  the  accuracy  of  the  data  pro¬ 
vided  to  the  model.  In  the  course  of  a  day  a  water  distribution 
system  moves  through  numerous  steady  state  flow  conditions.  During 
each  steady  state  period,  by  definition,  nodal  demands  and  supplies 
must  remain  the  same.  Complex  transient  flow  conditions  govern  the 
behavior  of  the  system  as  it  moves  from  one  steady  state  flow  con¬ 
dition  to  another.  Technically,  any  loop  imbalance  means  that  the 
system  is  in  a  transient  state,  i.e.,  the  nodal  supplies  and  demands 
are  changing. 

A  recent  committee  report  on  the  status  of  water  distribution 
research  and  applied  development  needs  [54]  noted  the  roughness  of 
both  future  water  demand  estimates  and  data  on  link  characteristics. 
Thus,  considering  the  transiency  and  uncertainty  of  steady  state 
flow  conditions  and  the  roughness  of  the  input  data,  it  appeared 
reasonable  to  consider  relaxing  certain  loop  constraints  to  allow  the 
model  to  better  reflect  the  accuracy  of  its  input  data  and  to  make  it 
more  tractable  for  realistic  size  problems. 

The  following  alternative  relaxations  were  each  incorporated 
into  the  computer  model  and  tested  on  the  large  design  problem: 

1.  Partial  relaxation  of  normal  loading  condition  loop  con¬ 
straints  using  no-penalty  dummy  valves  with  an  upper  bound 
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on  the  amount  of  imbalance.  After  the  solution  of  each  CCP, 
the  Hardy  Cross  network  subroutine  balances  the  relaxed  loops 
in  the  normal  loading  condition. 

2.  Partial  relaxation  of  the  normal  loading  loop  constraints  as 
in  the  first  alternative  but  with  no  balancing  of  the  normal 
loop  constraints  between  CCP  solutions. 

3.  Complete  relaxation  of  the  normal  loading  loop  constraints. 

In  all  of  the  above  relaxations,  all  other  pressure  constraints 
(normal  and  emergency)  were  strictly  enforced.  The  initial  normal 
loading  flow  distribution  in  all  cases  was  the  optimal  MINCOST  flow 
distribution. 

Although  the  first  alternative  eliminated  the  difficulties 
with  infeasible  linear  programs,  the  computational  burden  of  updat¬ 
ing  all  the  loop  equations  persisted.  The  second  alternative  pro¬ 
vided  a  significant  reduction  in  computation  burden  although  like  the 
first  alternative  the  introduction  of  no-penalty  dummy  valves  and 
constraints  on  maximum  imbalance  did  increase  somewhat  the  number  of 
constraints  and  decision  variables.  A  range  of  maximum  loop  imbalance 
levels  of  .1  to  10  feet  were  tested  with  5  feet  working  best.  Since 
the  loop  constraints  were  relaxed,  the  normal  loading  condition  nodal 
head  values  computed  by  the  model  were  not  necessarily  correct. 
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However,  subsequent  to  the  optimization, the  Hardy  Cross  subroutine 
balanced  the  normal  loading  loops  and  the  normal  nodal  pressure 
heads  were  then  computed.  A  survey  of  several  runs  with  the  maximum 
normal  loop  imbalance  level  set  at  5  feet  revealed  corrected  normal 
nodal  heads  witnin  .25  feet  of  their  uncorrected  values.  The  third 
alternative,  complete  relaxation  of  the  normal  loop  constraints, 
achieved  the  greatest  reduction  in  computational  burden.  However, 
the  uncorrected  head  values  varied  sometimes  by  a  few  feet.  Perhaps 
more  important,  the  real  impact  of  the  complete  relaxation  on  the 
optimization  results  in  the  general  case  can  not  be  accurately 
assessed. 

Based  on  the  above  testing,  the  second  alternative--partial 
relaxation  of  the  normal  loop  constraints--was  implemented  into  the 
solution  algorithms.  Thus,  for  each  normal  loading  loop  constraint 
i  ,  the  penalty  costs  for  the  dummy  valves  XV^  and  XV..  were 
set  to  zero  and  a  constraint  of  the  form 

XV. +  +  XV.'  =  MAXIMB  (6-1) 

was  added  where  MAXIMB  is  the  maximum  imbalance  permited  on  loop  i  . 

Rao  et  al .  [52]  in  their  work  on  simulation  of  fire  demand 


loadings  in  existing  water  distribution  systems  noted  that  the  effects 
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of  a  fire  demand  at  a  particular  node  on  nodal  pressures  and  flow 
distribution  were  limited  to  the  surrounding  nodes  and  links.  Dur¬ 
ing  initial  work  with  the  fire  demand  loadings  (located  at  opposite 
ends  of  the  distribution  system)  similar  behavior  was  also  encoun¬ 
tered.  More  specifically,  the  fire  demand  loading  condition  at 
node  9  had  its  principal  effect  on  the  nodal  pressures  and  link  flows 
in  loops  I-VI  (Figure  6-11),  while  the  remainder  of  the  system  was 
unaffected.  Likewise,  the  fire  demand  loading  condition  at  node  22 
had  its  principal  effect  on  the  nodal  pressures  and  link  flows  in 
loops  VII  and  VIII.  This  behavior  led  to  the  important  conclusion 
that  for  a  sufficiently  large  system,  the  principal  focus  during  an 
emergency  loading  condition  could  be  limited  to  the  section  of  the 
system  affected  by  the  condition  while  the  remainder  of  the  system 
could  be  assumed  to  be  operating  normally.  In  our  design  problem 
per  standard  fire  insurance  guidelines  [80]  both  fire  demands  occur 
during  the  period  of  normal  (peak  hourly)  demand.  Thus,  for  each 
emergency  loading  condition  the  distribution  system  was  partitioned 
to  focus  on  the  section  of  the  system  affected  by  the  emergency  load¬ 
ing  condition,  i.e.,  loops  I-VI  for  the  fire  demand  at  node  9  and 
loops  VII  and  VIII  for  the  fire  demand  at  node  22.  The  flow  distri¬ 
bution  on  the  loops  in  the  remainder  of  the  system  is  fixed  at  the 
MINCOST  optimal  normal  flow  distribution.  Taking  advantage  of  this 
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aspect  of  water  distribution  behavior  allows  the  system  designer  to 
realistically  analyze  larger  distribution  systems  and  more  emergency 
loading  conditions.  Furthermore,  the  matrix  singularity  noted  in 
the  fourth  problem  was  removed  since  the  emergency  loading  condition 
loops,  which  were  unaffected  by  the  fire  demand  and  needlessly  dupli¬ 
cated  the  corresponding  normal  loading  condition  loops,  were  elimi¬ 
nated  . 

6.5.3  Minimum  Cost  Optimization 

6. 5. 3.1  Introduction 

This  section  presents  the  results  of  using  the  MINCOST  prob¬ 
lem  (Problem  P13)  to  prepare  for  the  MAXWMIN  optimization  (Prob¬ 
lem  PI 2)  and  to  investigate  the  effectiveness  of  alternate  formulas 
for  computing  the  search  direction.  A  summary  of  the  relevant  prob¬ 
lem  data  for  the  MINCOST  and  MAXWMIN  optimization  is  presented  in 
Table  6-8. 

6. 5. 3. 2  Budget  Level  Selection 

To  properly  assess  the  cost  of  adding  redundant  links  to  the 
shortest  path  tree  layout  a  MINCOST  optimization  of  the  full  network 
layout  (Figure  6-11)  with  a  single  pump  under  the  normal  loading 
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was  performed.  The  total  cost  of  the  design  was  $152,951  with 
link  costs  of  $112,423,  pump  costs  of  $29,252  and  storage  costs 
$11,276.  Comparison  of  these  costs  with  the  minimum  cost  of  the 
shortest  path  tree  layout  (Table  6-1)  reveal  a  slight  increase  in 
external  energy  costs  of  $1,680  and  an  increase  of  $16,564  in  link 
costs.  Since  as  expected,  all  redundant  links  are  at  their  minimum 
diameters  (Figure  6-15),  the  net  change  in  link  costs  $16,564  results 
from  a  $22,572  increase  in  redundant  link  costs  with  a  $6,008  decrease 
in  primary  link  costs.  This  reduction  in  primary  link  costs  results 
from  the  diversion  of  water  from  the  primary  to  the  redundant  links 
allowing  primary  link  diameters  to  decrease  as  noted  in  sec¬ 
tion  5. 6.4. 2. 

Next,  to  obtain  a  lower  bound  on  the  cost  of  the  satisfying 
emergency  loading  conditions,  the  MINCOST  problem  (Problem  P13)  was 
solved  with  minimum  normal  nodal  heads  of  98  feet  and  minimum  emerg¬ 
ency  nodal  heads  of  0  feet  per  section  5.4.2.  The  cost  of  the  result¬ 
ing  design  was  $174,038  including  $130,601  for  link,  $34,292  for 
pumps,  and  $9,145  for  elevated  storage.  Of  the  $21,087  increase  from 
the  MINCOST  normal  loading  only  design,  $18,178  were  increased  link 
costs,  $5,040  increased  pumping  costs  for  added  standby  and  variable 
speed  pumps  at  the  pump  station  at  node  26,  and  $2,131  decreased 
storage  costs.  Although  total  pumping  cost  increased  due  to  emergency 
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pumping,  the  total  external  energy  (normal  pumps  and  storage)  required 
by  the  system  under  the  normal  loading  decreased  slightly  due  to  the 
larger  link  diameters.  Thus,  $175,000  was  selected  as  the  initial 
budget  level  for  the  performance  optimization. 

6. 5. 3. 3  Gradient  Testing 

To  properly  compare  the  search  directions  generated  by 
Shamir's  [46]  negative  gradient  without  interaction,  Quindry  et  al.'s 
[94]  negative  gradient  with  interaction,  and  the  conjugate  gradient 

i 

with  Beale  restarts  [97]  proposed  by  the  author,  the  MINCOST  opti¬ 
mization  problem  for  the  single  normal  loading  condition  was  solved 
using  the  three  different  methods  starting  at  ten  widely  differing 
initial  flow  distributions.  Table  6-9  shows  the  different  starting 
points  referenced  to  an  initial  flow  distribution  with  100  GPM  flow 
in  each  redundant  link  (starting  point  1).  Since  the  computation 
time  required  to  calculate  any  of  the  gradients  is  insignificant  com¬ 
pared  to  the  overall  solution  time,  our  main  concern  was  the  goodness 
of  the  search  direction  generated  by  each  gradient.  Thus,  each  prob¬ 
lem  was  run  for  25  flow  iterations.  Table  6-10  shows  the  value  of 
the  minimum  cost  solution  for  each  gradient  for  each  starting  point 
and  the  associated  CPU  time.  Of  the  ten  runs,  the  negative  gradient 
with  interaction  was  best  on  5  runs,  the  negative  gradient  without 
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i 
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Unbalanced  Solution. 


304 


interaction  was  best  on  4  runs,  and  the  conjugate  gradient  best  on 
1  run.  However,  excluding  the  run  where  the  algorithm  was  unable  to 
find  a  balanced  flow  distribution,  the  negative  gradient  had  the  low¬ 
est  average  minimum  cost  of  $154,924  and  standard  deviation  $2,207 
compared  to  $155,509  and  $3,688  for  the  negative  gradient  with  inter¬ 
action  and  $158,789  and  $4,187  for  the  conjugate  gradient.  Examin¬ 
ing  the  interaction  term  of  the  gradient,  the  second  term  in  equa¬ 
tion  (5-56),  we  found  that  it  was  usually  an  order  of  magnitude  less 
than  the  negative  gradient  without  interaction.  Thus,  there  appears 
to  be  little  difference  between  the  goodness  of  the  search  directions 
generated  by  the  negative  gradient  with  or  without  interaction 
except  that  the  negative  gradient  without  interaction  appears  to  be 
somewhat  more  consistent.  The  conjugate  gradient  is  definitely  infer 
ior  to  the  other  two  gradients.  Given  the  general  irregular  shape  of 
the  optimal  response  surface  as  illustrated  in  the  three-dimensional 
Figure  3-2,  the  failure  of  more  sophisticated  techniques  to  generate 
better  search  directions  is  not  completely  unexpected. 

An  interesting  by-product  of  the  gradient  testing  was  the 
confirmation  of  the  importance  of  selecting  a  good  initial  flow  dis¬ 
tribution.  Because  of  the  poor  flow  distribution,  four  runs  resulted 
in  an  unbalanced  flow  distribution  even  after  25  iterations.  Also, 
the  lowest  average  optimal  solution  for  all  gradients  occurred 
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starting  from  the  base  flow  distribution  (starting  point  1)  which  has 
minimal  amounts  of  flow  in  each  redundant  link  and  the  balance  in  the 
core  tree  links. 

6.5.4  Application  of  Model 

The  performance  optimization  was  done  using  the  same  procedure 
as  in  the  example  problem  of  Chapter  5.  Starting  from  the  initial 
optimal  flow  distribution  of  the  MINCOST  problem  with  all  three  load¬ 
ing  conditions  and  a  budget  level  BMAX  of  $175,000  the  budget  was  in¬ 
cremented  in  units  of  $5,000  up  to  $225,000.  At  that  point  the  lin¬ 
earity  of  the  performance  versus  budget  curve  was  evident.  In  gen¬ 
eral,  convergence  of  the  solution  algorithm  was  fairly  rapid,  gen¬ 
erally  taking  less  than  15  CCP  optimizations  and  200  seconds  CPU  time 
on  the  CDC  170/750A.  Similar  rapid  convergence  had  also  occurred  for 
the  small  example  problem  (section  5.5.4).  In  light  of  the  fact  that 
the  MINCOST  solution  is  a  local  optimum  solution  the  rapid  convergence 
of  the  MAXWMIN  problem  starting  with  the  optimal  MINCOST  flow  distri¬ 
bution  is  not  surprising. 

Figure  6-16  illustrates  the  system  performance  versus  budget 
level  for  equally  weighted  emergency  loading  objective  function  coef¬ 
ficients.  The  overall  system  performance  displays  concave  behavior 
for  small  budget  increments  becoming  linear  around  BMAX  =  $195,000. 
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Unlike  the  example  distribution  system  which  had  its  performance 
abruptly  limited  by  a  combination  of  maximum  storage  height  and  the 
tremendous  cost  of  increasing  the  normal  pumping  head,  the  presence 
of  the  booster  fire  pumps  allows  performance  on  the  node  22  fire 
demand  loading  to  increase  with  the  budget.  However,  because  of  the 
extremely  high  fire  demand  flow  rate  for  the  node  9  fire  demand 
(7500  GPM  fire  demand,  plus  10,500  GPM  normal),  no  provisions  were 
made  to  boost  this  large  18,000  GPM  flow.  Further  increases  in  the 
performance  on  the  node  9  fire  demand  loading  condition  require 
costly  increases  in  the  normal  pumping  head  lift.  Thus,  unless  the 
node  9  loading  condition  objective  function  weighting  coefficient  is 
heavily  weighted,  the  solution  algorithm  will  continue  to  allocate 
funds  to  the  less  expensive,  higher  payoff  alternative  of  increasing 
pressure  at  node  22. 

Figure  6-17  depicts  a  breakdown  of  the  three  major  cost  com¬ 
ponents  at  each  budget  level.  In  general,  all  components  increase 
steadily  until  $195,000.  At  that  level,  performance  increases  from 
increasing  link  diameters  becomes  minimal,  link  costs  stabilize,  and 
the  optimal  solution  allocates  added  budget  increments  almost  entirely 
to  external  energy  from  the  booster  pumps.  Figure  6-18  shows  the 
external  energy  added  by  pumps  and  elevated  storage  versus  budget 
level.  The  head  lift  of  the  normal  pump  remains  constant  because  of 
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the  high  energy  cost  associated  with  its  head  lift.  The  two  fire 
demand  booster  pumps  enter  the  system  design  as  the  budget  level 
increases. 

For  BMAX  =  $185,000,  the  objective  function  weighting 

coefficients  were  varied  from  .1  to  .9.  Figure  6-19  displays  the 
performance  of  the  system  and  Table  6-11,  the  cost  breakdown  and 
added  external  energy  for  the  selected  weighted  coefficients.  As 
the  weighting  coefficients  for  the  node  9  fire  demand  is  increased 
the  budget  is  reallocated  from  the  booster  fire  demand  pumps  to 
increasing  the  normal,  standby,  and  variable  speed  pump  head  lifts 
and  the  link  diameters  on  the  long  path  to  the  fire  at  node  9. 

6.5.5  Design  Implementation 

This  section  discusses  the  implementation  of  the  system  design 
for  the  optimal  solution  for  BMAX  =  $195,000  and  analyzes  the  cost 
of  reliability  for  this  system.  Table  6-12  shows  the  optimal  link 
design  and  Table  6-13  suimiarizes  the  detail  pumping  design  for  the 
system. 

A  comparison  of  the  cost  components  of  the  minimum  cost  short¬ 
est  path  tree  layout  with  the  cost  components  of  the  $195,000  fully 
looped  system  provides  insight  into  the  cost  of  increasing  system 
reliability.  The  majority  of  the  $60,293  increase,  75.1  percent 
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Table  6-12 

OPTIMAL  LINK  DESIGN  BMAX  =  $195,000 


LINK 

NO. 

TOTAL 

LENGTH 

(FT) 

SEGMENT  1 

SEGMENT  2 

DIAMETER 

LENGTH 

DIAMETER 

LENGTH 

1 

1650 

6 

78 

3 

1535 

12 

1535 

4 

2490 

6 

1423 

8 

1067 

7 

2685 

20 

2685 

8 

2400 

20 

2400 

10 

3480 

12 

3430 

11 

1800 

28 

1800 

12 

2510 

8 

582 

10 

1928 

13 

60 

30 

60 

14 

1260 

16 

701 

18 

559 

16 

2920 

10 

2355 

12 

565 

17 

1695 

22 

1695 

19 

1780 

6 

1093 

8 

687 

23 

2500 

16 

2034 

18 

466 

29 

1560 

6 

1560 

33 

2510 

6 

2105 

8 

405 

37 

1380 

22 

1380 

38 

2500 

20 

2500 

39 

5110 

8 

5066 

10 

44 

40 

4710 

8 

1746 

10 

2964 

41 

450 

24 

450 

42 

2750 

8 

2408 

10 

342 

43 

2840 

14 

2840 

44 

1440 

6 

1440 

50 

3510 

6 

3510 

6 

1550 

6 

1550 

20 

4330 

10 

119 

12 

4211 

24 

3850 

12 

3850 

25 

1790 

6 

1790 

27 

2510 

8 

2510 

36 

5620 

6 

5620 

48 

2200 

14 

2200 

51 

1800 

6 

1800 
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($45,253)  is  due  to  increases  in  link  costs.  Of  this  $45,253,  ( 

49.9  percent  ($22,572)  can  be  attributed  to  installing  redundant 
links  at  minimum  diameter  to  handle  emergency  broken  link  loading 
conditions.  The  balance  ($22,681)  is  associated  with  upgrading  both 
primary  and  redundant  links  to  handle  the  expected  fire  demand  emerg¬ 
ency  loading  conditions.  The  $15,040  increase  in  external  energy 
costs  results  from  an  increase  of  $12,795  in  pumping  costs  and  an 
increase  of  $2,245  in  storage  costs.  Of  the  $12,795  increase  in 
pumping  costs  89.8  percent  ($11,653)  is  due  to  the  cost  of  emergency 
pumping  ($2,324  for  the  two  standby  pumps,  $2,895  for  the  variable 
speed  pumps,  and  $6,434  for  the  storage  fire  demand  booster  pumps. 

The  balance  ($1,142)  is  principally  due  to  the  increased  capital  cost 
of  using  four  smaller  flow  capacity  pumps  instead  of  a  single  large 
flow  capacity  pump. 

The  detailed  design  model  provides  valuable  insight  into  the 
best  way  to  allocate  limited  funds  to  handle  the  expected  emergency 
fire  demand  loading  conditions.  Basically,  the  optimization  results 
show  that  the  best  way  to  design  reliability  into  the  system  is  to 
initially  install  oversize  links  in  certain  critical  parts  of  the 
system.  As  more  funds  become  available,  the  installation  of  booster 
pumps  at  the  two  sources  becomes  a  good  investment.  It  should  be 
emphasized  that  the  model  will  not  design  the  system  by  itself  but 

i 

i 
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is  a  tool  to  assist  the  system  designer.  The  system  designer  must 
apply  his  engineering  judgment  to  properly  select  loading  conditions, 
pumping  arrangements,  placement  of  valves,  etc.,  to  perform  the  com¬ 
plete  design. 

6.5.6  Alternative  Model  Applications 

Because  the  principal  emphasis  has  been  on  the  design  of  a 
new  system,  little  has  been  said  about  the  use  of  the  detailed  design 
model  for  expansion  or  replacement  of  components  on  existing  systems. 
To  describe  the  existing  parts  of  the  system,  which  will  remain 
unchanged,  link  diameters  and  storage  heights  may  be  fixed  and  known 
capacities  placed  on  existing  pumps.  The  cost  of  existing  components 
is  set  to  zero  in  the  budget  constraint. 

Another  application  of  the  detailed  design  model  is  to  develop 
optimal  operational  responses  for  emergency  loading  conditions  for  a 
fully  defined  system.  With  elimination  of  the  budget  constraints,  the 
decision  variables  become  the  proper  operation  of  existing  pumps  and 
valves  in  order  to  maximize  system  performance.  With  the  large  reduc¬ 
tion  in  decision  variables  associated  with  operation  of  an  existing 
system,  this  model  could  be  used  in  real  time  control.  Using  inputs 
from  field  sensors  the  current  flow  distribution  is  easily  estimated. 
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The  optimal  operation  of  valves  and  pumps  could  then  be  computed  to 
maximize  system  performance  within  existing  capabilities. 


CHAPTER  7 


RESULTS,  CONCLUSIONS,  AND  RECOMMENDATIONS 
FOR  FUTURE  RESEARCH 


7. 1  Introduction 

The  purpose  of  this  chapter  is  to  briefly  review  the  major 
results  of  this  research,  to  summarize  the  conclusions  derived  from 
these  results,  and  to  discuss  recommendations  for  future  research. 

7.2  Resul ts 

This  research  has  produced  five  major  results: 

1.  Development  of  a  comprehensive  methodology  for  the  design 
of  water  distribution  systems  that  explicitly  incorporates  reliabil¬ 
ity  and  performance  into  the  design  of  the  system. 

2.  Development  and  implementation  of  two  alternative  models 
to  enable  the  water  distribution  system  designer  to  rapidly  generate 
and  evaluate  alternative  low  cost  network  layouts. 

3.  Development  and  implementation  of  two  complementary  math¬ 
ematical  optimization  models  that  enable  the  water  distribution 
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system  designer  to  incorporate  a  specific  level  of  broken  link  per¬ 
formance  into  the  system  at  minimal  cost. 

4.  Development  and  implementation  of  a  detailed  design  model 
that  enables  the  water  distribution  system  designer  to  allocate  the 
available  funds  to  achieve  maximum  performance  on  the  expected  emer¬ 
gency  loading  conditions. 


7.3  Conclusions 

The  results  of  this  research  represent  a  significant  step 
forward  in  developing  an  analytical  methodology  for  the  design  of 
reliable  water  distribution  systems.  Previous  research  had  almost 
wholly  concentrated  on  the  less  difficult  problem  of  minimizing  the 
cost  of  water  distribution  design  for  normal  system  operation.  This 
research  has  directly  addressed  the  more  difficult  problem  of  how  to 
best  incorporate  performance  under  expected  emergency  loading  condi¬ 
tions  within  the  available  budget. 
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7.4  Recommendations  for  Future  Research 

The  research  areas  described  below  are  natural  extensions  of 
the  work  described  in  this  dissertation: 

1.  Adaptation  of  the  MAXWMIN  detailed  design  model  to  analo¬ 
gous  distribution  systems.  Closed  conduit  distribution  systems 
transporting  gas  and  solids  are  good  candidates.  Especially  applic¬ 
able  to  this  model  would  be  the  design  of  hydraulic  systems  for  mili¬ 
tary  aircraft.  Aircraft  operating  in  a  wartime  environment  are 
exposed  to  unusual  stresses  that  can  cause  failure  of  the  aircraft 
hydraulic  system,  e.g.,  loss  of  pressure,  which  is  critical  to  main¬ 
taining  control  of  the  aircraft. 

2.  More  efficient  techniques  for  solving  the  multiple 
weighted  set  covering  model  (Problem  P6)  of  Chapter  4.  Because  of 
the  structural  similarity  between  Problem  P6,  the  multiple  weighted 
set  covering  problem,  and  two  other  0-1  models  for  which  efficient 
solution  techniques  have  been  developed,  i.e.,  the  weighted  set  cov¬ 
ering  problem  and  the  multiple  set  covering  problem,  it  appears 

* 

worthwhile  to  investigate  modifying  these  techniques  to  enable  more  1 

* 

efficient  solution  for  larger  distribution  system  application.  ; 

3.  Developing  generally  applicable  guidelines  for  setting 


i 


the  objective  function  weights  w^  for  the  MAXWMIN  problem.  The 
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results  of  the  detailed  design  problems  of  Chapters  5  and  6  strongly 
suggest  that  the  choice  of  w  can  significantly  affect  the  result¬ 
ing  optimal  design.  However,  because  of  the  lack  of  data  on  the 
relative  frequency  of  occurrence  of  various  emergency  loading  condi¬ 
tions,  it  is  difficult  to  provide  detailed  guidelines  to  the  system 
designer  on  the  appropriate  choice  of  w  . 

4.  Development  of  a  hybrid  MAXWMIN  optimization  model  that 
allows  more  flexibility  in  specifying  emergency  loading  conditions. 
Instead  of  assuming  that  all  external  flows  are  fixed,  external 
flows  on  emergency  loading  conditions  would  become  decision  vari¬ 
ables  which  for  noncritical  nodes  would  be  bounded  below  and  for 
critical  nodes,  e.g.,  fire  demand  and  source  nodes,  would  be  incor¬ 
porated  into  a  hybrid  flow/pressure  performance  objective  function. 
Such  a  model  would  allow  tradeoffs  between  flow  and  pressure 
requirements. 


APPENDIX  A 


HARDY  CROSS  LOOP  METHOD 

This  appendix  describes  the  Hardy  Cross  loop  balancing  method 
which  was  incorporated  in  the  detailed  design  solution  algorithm 
described  in  Chapter  5.  A  formal  statement  of  the  method  followed 
by  an  application  of  the  method  to  a  simple  two-loop  distribution 
system  is  presented.  The  statement  of  the  method  assumes  that  the 
Hazen-Will iams  frictional  head  loss  equation  is  used. 

Formal  Statement  of  Method 

STEP  1.  Initialize  link  flows  to  satisfy  nodal  conser¬ 
vation  of  flow  equations  (1-8). 

STEP  2.  Set  i  ,  the  loop  number,  equal  to  1,  and  MAXIMB 
the  maximum  loop  imbalance,  to  zero. 

STEP  3.  Compute  the  sum  of  the  head  losses, 

I  4HFk  ■ 

k  e LOOP . 
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taking  into  account  the  direction  of  flow.  If 


y  ‘hf. 


k  e  LOOP. 

i 


>  MAX  I MB 


Let 


MAXIMB 


AHF, 


k£  LOOP, 


STEP  4.  Compute 


I 


k  c  LOOP . 


AHF, 


STEP  5.  Compute  the  loop  flow  change. 


I 


AHF, 


k  e  LOOP . 


AQi  » 


2 


ke  LOOP. 

i 


AHF, 


STEP  6.  Change  link  flows  on  loop  i  ,  i.e.. 


Q,  =  Q.  +  AQ.  keLOOP. 
k  k  i 
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STEP  7.  Let  i  =  i  +  1  .  If  i  <  NLOOP  GO  TO  STEP  3. 

STEP  8.  If  MAXIMB<e  ,  the  maximum  permissible  head  imbal¬ 
ance,  STOP.  Otherwise,  GO  TO  STEP  2. 

It  should  be  noted  that  several  variations  of  the  original  Hardy 
Cross  method  [4]  have  been  introduced  to  accelerate  convergence. 

For  example,  the  above  algorithm  changes  the  individual  link  flows 
as  soon  as  the  loop  flow  changes  (AQ.. )  are  generated  (STEP  5  and  6) 
whereas  Cross'  original  method  [4]  does  not  make  link  flow  changes 
until  all  loop  flow  changes  were  generated. 

Example  Application  of  Method 

Figure  A-l  shows  the  example  distribution  system  including 
external  flows,  link  lengths,  and  link  diameters.  The  Hazen-Williams 
equation  (1-5)  with  the  roughness  coefficient  equal  to  130  was  used 
to  compute  frictional  head  losses.  Termination  occurred  at  itera¬ 
tion  11  when  MAXIMB<e  =  .5  feet  for  both  loops.  Table  A-l  and 

A-2  summarize  the  results  of  applying  the  method  for  loops  I  and  II 
respectively.  Figure  A-2  shows  the  initial  and  final  flow 


distributions. 


(250078)  (3000,  16) 


DISTRIBUTION  SYSTEM  TOPOLOGY 


Table  A-l 


APPENDIX  B 


SEPARABLE  PROGRAMMING 

This  appendix  describes  the  A-method  of  approximation  for 
separable  programming  [55]  and  its  specific  application  in  solving 
the  nonlinear  minimum-cost  flow  problem  for  selecting  the  core  tree 
links  of  Chapter  3  (Problem  P5). 

Separable  programming  handles  optimization  problems  of  the 

form: 


Minimize 


f . 
J 


subject  to: 


2  9u  (V  i  0 

j  =  1 


i  =  1 . N 


where  f. 
J 


and  g . . 


are  known. 


(B-l) 


(B-2) 
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Separable  problems  arise  frequently  in  practice,  particu¬ 
larly  for  time  dependent  optimization.  The  model  also  arises  when 
optimizing  over  distinct  geographical  regions. 

Instead  of  solving  the  problem  directly  an  appropriate 
piecewise-1 inear  approximation  is  made  in  order  that  linear  program¬ 
ming  can  be  utilized.  In  practice,  two  types  of  approximations, 
called  the  5-method  and  the  A-method,  are  often  used.  Because  the 
A-method  was  used  in  the  research,  this  appendix  will  describe  its 
implementation. 

Consider  the  problem  of  finding  the  core  tree  for  Figure 
B-l  using  the  formulation  of  Problem  P5. 


-600 


°4B  + 

Q7B 

+ 

>0 

CO 

1 

Q4A 

Q7A  -  ^8B  =  -1200 

Q58  + 

Q6A 

-  Q5A  - 

Q6B  = 

-1450 

Q6S  + 

Q8B 

Q6A 

Q3A 

-850 

Qy  Q2,  Q3» 

Q4A’ 

Q4B’  Q5A’ 

Q5B  Q6A’ 

Q6B’  Q7A’  Q7B, 

Q8A’  Q8B  -  0 


The  problem  is  formulated  with  directed  arcs  to  allow  direct  conver¬ 
sion  to  a  linear  programming  format.  Only  single  vari-ables  are 
required  for  links  1,  2,  and  3  since  flow  entering  node  2  must 
travel  to  adjacent  nodes  and  will  not  return. 

To  form  the  approximation  problem  each  nonlinear  term  in 
the  objective  function  is  approximated  by  a  piecewi se-1 inear  curve 


as  pictured  for  f^  (Q^)  in  Figure  B-2.  The  dashed  approximation 


curve  for  each  of  the  f^  (Q^)  is  determined  by  linear  approxi¬ 


mation  between  breakpoints  X_k  .  Three  segments  have  been  used  to 


approximate  f ^  from  its  minimum  (Q^  3  0)  to  its  maximum  value 


(Q^  *  4550).  The  values  of  0,  900,  2500,  and  4550  have  been 


selected  as  breakpoints  for  f*  (Qg),  the  approximation  to  f^ 


(SQNVSnOHI) 


CONCAVE  NONLINEAR  FLOW  COST  FUNCTION 
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For  example,  if  900  ^  Q2  <  2500,  then  f  is  given  by  weighing 
the  functional  values  at  =900  and  =  2500;  that  is  as 


f“  (Q2)  *  75000  X21  +  125000  A^ 


where  the  nonnegative  variables  A^  and  A^  express  as  a 
weighted  combination  of  900  and  2500;  thus, 


Q2  =  900  A21  +  2500  A22 


X21  +  A22  =  1 


For  instance,  evaluating  the  approximation  at  Q2  =  1600  gives 


f*  (1600)  =  (75000)  (^)  +  (125,000)  (^)  =  96,825 


1600  =  900  (^)  +  (2500)  j- 


The  overall  approximation  curve  f2  (Q2)  for  f  (Q2)  is  expressed 


f2  (Q2}  s  0  X2Q  +  7500  X21  +  125000  X22 


+  168634  A 
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must  be  added. 
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The  adjacency  conditions  on  the  ,\  are  automatically 
satisfied  for  minimizing  a  convex  or  maximizing  a  concave  function. 
However  in  this  case,  minimizing  a  concave  function,  something  must 
be  done  to  insure  that  the  linear  program  doesn't  select  too  many 
or  nonadjacent  A 1 s  .  The  simplex  method  is  modified  in  the  follow¬ 
ing  manner  to  insure  that  the  adjacency  condition  holds. 


RESTRICTED  BASIS  ENTRY  RULE: 

Use  the  standard  simplex  criterion  for  selecting  A  to 

1  K 

enter  the  basis  but  do  not  introduce  a  A.,  variable  into  the  basis 

ik 

unless  there  is  only  one  A.,  variable  in  the  basis  and  it  is  of 

ik 

the  form  A.  .  ,  or  A.  ,  Ll  ,  i.e. ,  is  adjacent  to  A..  . 

i,k-l  i,k+l  ik 

Using  this  rule,  the  optimal  solution  may  contain  a  non- 

basic  variable  A.,  that  would  ordinarily  be  introduced  into  the 
ik 

basis  by  the  simplex  method  (since  its  reduced  cost  is  negative), 
but  is  not  introduced  because  of  the  restricted-entry  criterion. 

If  the  simplex  method  would  choose  a  variable  to  enter  the  basis 
that  is  unacceptable  by  the  restricted  basis  entry  rule,  then  the 
next  best  variable  according  to  the  most  negative  reduced  cost  is 
chosen  instead.  However,  the  solution  determined  by  the  restricted 
basis  entry  rule  in  the  general  case  can  be  shown  to  be  a  local  opti 
mum  to  the  approximation  problem  derived  from  the  original  problem 
[55]. 
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Once  the  approximation  problem  has  been  solved  a  better 
solution  can  be  obtained  by  introducing  more  breakpoints.  Usually 
more  breakpoints  will  be  added  near  the  optimal  solution  given  by 
the  original  approximation. 


APPENDIX  C 


338 


339 


2.  The  diameters  of  these  two  segments  are  adjacent  on  the 

link's  condidate  diameter  list  S,  . 

k 

PROOF:  First  let  us  assume  that  Problem  i3  has  a  single 
loading.  Assume  that  we  have  the  optimal  solution  to  Problem  P13 
(or  any  intermediate  optimal  LP  solution)  and  the  associated  opti¬ 
mal  head  losses  on  each  link  k  for  each  loading,  £HF*  .  Then  con¬ 
sider  the  following  subproblem  of  selecting  the  segment  lengths  for 
each  link  in  order  to  minimize  total  link  costs: 


PROBLEM  P14 


Minimize 


NLINK 

I 

k  =  1 


(C-l) 


subject  to 


I  XLkj  '  SHFt 

jESk 


(C-2) 


k  =  1  ,  ... ,  NLINK 


2  XLkj  5  4  (c-3> 

jcsk 


k  =  1,  NLINK 
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XL,  .  >  0 

kj  ” 


k  =  1 . LINK 

JeSk 


whpr-p  ,]*  =  w,; 

°kj  -  and  Qf  is  the  optimal  link  flow. 

(HV"  <V” 

Problem  PI 4  involves  selecting  the  optimal  mix  of  candidate  diame¬ 
ters  to  obtain  the  required  link  head  losses.  Problem  P14  may  be 
separated  into  NLINK  independent  subproblems,  one  for  each  link  k 
as  follows: 

PROBLEM  PI  5 


Minimize  )  CL.  .  XL,  . 

4  KJ  K  j 


subject  to  ^  XL^  =  AHFk 

j  £  Sfc 


2  XL«  •  Lk 

j£Sk 

XL  k  j  ^0  jcSk 


(C-4) 

(C-5) 

(C-6) 
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The  optimal  objective  value  for  Problem  P14  (the  sum  of  the  optimal 
objective  values  for  the  NLINK  subproblems  of  Problem  Pi 5 )  must 
equal  the  link  cost  component  of  the  optimal  solution  to  Problem 
PI 3 ,  the  MINCOST  problem. 

Consider  replacing  the  | S J  link  segments  with  a 
single  equivalent  link  of  diameter  D*  that  provides  the  same  fric¬ 
tional  loss  on  link  k  where  Of  is  a  convex  combination  of  the 

k 

set  of  candidate  diameters,  i.e.. 
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Dividing  the  objective  function  (C-6)  and  the  link  length  constraint 
(C-6)  by  ,  letting 


and  replacing  constraint  (C-5)  with  (C-7)  in  Problem  PI  5  results  in 
the  following  equivalent  problem: 

PROBLEM  PI  6 


Minimize 


V  CL,  • 

L  kJ  kJ 
j£Sk 


(c-10) 


subject  to  ^  Aj\  0kj  =  D£  (C-ll) 


I  x«  =  1  (c-,2> 

JeSk 

>  0  j  e  S, 
kj  “  k 


If  is  arranged  in  order  of  increasing  diameter 
°kl  <  DkZ  <  •••  ‘  °klskl*  the"  CLkl  ‘  ak2  <  <  CLk|Sk| 


*+V>-  -• 
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Let  D.  .  ,  <  D*  <  D,  .  as  shown  in  Figure  C-l .  Each  point  on  the 
k,j-l  k  k,j 

dashed  line  connecting  each  pair  or  discrete  candidate  diameters  is 
a  convex  combination  of  the  two  end  points.  Thus,  any  pair  of  can¬ 
didate  diameters  such  that 


D 


2 


can  generate  a  feasible  solution  for  Problem  P16.  However,  because 

of  the  strict  convexity  of  the  pipe  cost  function,  the  chord  con- 

★ 

necting  the  diameters  adjacent  to  D  ,  i.e.,  D  .  ,  and  D  . 

k  k ,  j  - 1  k,j 

lies  below  all  other  feasible  chords  and  the  weights,  X"  .  and 

x ,  j  - 1 

A"  .  ,  found  by  solving  equations  (C-l 1 )  and  (C-l 2 )  with  all  other 

K ,  J 

weights  set  to  zero  is  optimal  for  Problem  PI 6. 

For  multiple  loading  conditions  the  diameter  of  the  single 
equivalent  link  for  loading  Z  would  be 


D*  (4) 


1 0,471  [Q*  (4)]"  L(, 
_  (HWk)n  AHF*(JL) 


1 

m 


(C-l 3 ) 


The  equivalent  diameter  for  link  k  must  be  identical  for  all  load¬ 
ing  conditions  or  the  weighting  coefficients  in  Problem  PI 6  would  be 
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a  function  of  loading  condition  and  the  objective  function  would  not 
apply.  Q.E.D. 

If  the  pipe  cost  function  were  strictly  proportional  to 
diameter,  i.e.,  convex  but  not  strictly  convex,  there  would  be  alter¬ 
nate  optimal  solutions  generated  by  all  pairs  of  candidate  diameters 
such  that 


D,  .  1  D*  <  D.  , 

kjJ-j  k 


Also,  if  the  pipe  cost  function  were  concave,  which  might  occur  if 
different  types  of  pipes  are  required  for  different  diameter  sizes, 
restricted  basis  entry  rules  (see  Appendix  B)  would  be  required  for 
the  optimum  solution  to  satisfy  the  results  of  Theorem  II.  Although 
Problem  PI 3 ,  the  MINCOST  problem,  is  used  in  the  theorem,  it  is 
clear  that  the  result  is  equally  applicable  for  Problem  P12,  the 
MAXWMIN  problem. 

Application  to  Continuous  Diameter  Solutions 

As  noted  in  Chapter  I,  several  minimum  cost  optimization 
models  ([30],  [33],  [35],  [40],  [43],  [44],  [45],  [48])  make  the 
link  diameter  a  continuous  decision  variable.  Lam  [39]  and  Alpero- 
vits  and  Shamir  [46]  correctly  note  that  because  of  the  requirement 


■IV  ■'X'V.T-. 


— r 


i-i- 
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to  round  optimal  continuous  pipe  diameters  to  the  nearest  commerci¬ 
ally  available  size  the  value  of  the  minimum  cost  solution  will  most 
likely  increase  and  the  rounded  solution  may  not  even  be  feasible. 
Uatanatada  [40]  used  a  trial  and  error  method  to  round  the  diameters 
One  possible  way  of  solving  the  rounding  problem  would  be  to  formu¬ 
late  an  unconstrained  integer  programming  problem  where  the  decision 
variables  would  be  the  set  of  discrete  diameters  and  the  objective 
function  would  contain  the  costs  plus  the  sum  of  the  infeasibilities 
weighted  by  a  penalty  factor.  However,  it  appears  that  this 
approach  may  be  worse  than  the  original  minimum  cost  problem. 

From  a  practical  standpoint  an  optimal  continuous  diameter 
solution  is  not  even  feasible  since  links  are  only  available  in  dis¬ 
crete  sizes.  Furthermore,  with  continuous  diameters,  the  link  costs 
are  underestimated  anyway.  Relaxing  the  unrealistic  requirement  to 
have  a  single  diameter  per  link,  we  can  use  Problem  P14  or  equiva¬ 
lently  Problem  PI 6  to  find  the  optimal  link  diameter  mix  given  Q* 
and  aHF*  or  equivalently  D*  and  let  S k  be  the  set  of  all  com¬ 
mercially  available  diameters. 

Especially  for  multiple  loading  conditions,  for  the  set  of 
commercially  available  pipe  diameters  Problem  PI 4  or  equivalently 
Problem  P16  may  not  have  a  feasible  solution.  For  NLOAD  loading 
conditions  we  can  use  the  following  quadratic  programming  problem: 
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Minimize 

NLOAD 

I 

l  =  1 

subject  to 


where  PEN 


PROBLEM  PI  7 


2  XL«  *  s  <c-,5> 


k  =  1 . NLINK 

XL,  .  >  0 

kj  - 

k  =  1,  NLINK 

i£Sk 


is  a  positive  penalty  function  weight  and 
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10.471  (Qk  (i)j 

<HV"  <V” 

Problem  PI 7  is  also  separable  giving  us  for  each  link  k  the  fol 
lowing  problem: 

PROBLEM  P18 


NLOAD 

2  {I  Vu  \j  -  4HF>> )  <W6> 

£  =  1  j  £  Sk 

subject  to 
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Problem  PI 8  is  analogous  to  a  constrained  regression  problem  and  may 
be  solved  by  a  variety  of  solution  algorithms  for  quadratic  programs 
[55]. 


APPENDIX  D 


USER'S  MANUAL/ SOURCE  PROGRAM  LISTING 


Introduction 

The  detailed  design  computer  program  was  written  in  FORTRAN 
and  implemented  on  the  University  of  Texas  CDC  6400/6600  computer 
system.  The  existing  program  requires  approximately  220K  words  of 
memory.  This  appendix  contains  a  user's  manual  for  the  program,  which 
includes  a  general  program  description,  a  detailed  description  of  the 
program  input,  and  the  actual  input  and  output  for  a  simple  problem, 
and  a  listing  of  the  source  program. 

User's  Manual 


General  Program  Description 

The  computer  program  for  the  detailed  design  model  consists 
of  a  single  main  program  and  11  subroutines.  The  program  is  cen¬ 
tralized  about  the  controlling  main  program  WATOP.  Figure  D-l  depicts 
the  normal  program  flow  assuming  that  no  changes  are  made  in  the 
candidate  diameter  set  or  the  capital  pump  cost  coefficients 
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and  that  the  problem  is  solved  in  a  single  iteration.  The  following 
is  a  description  of  the  functions  of  the  main  program  and  each  of 
the  subroutines: 

WAT0P--the  main  program  which  is  totally  responsible  for  centralized 
program  control  . 

MATGEN--the  subroutine  responsible  for  reading  and  echoing  back  the 
input  data  and  generating  the  linear  programming  matrix. 
LP--the  subroutine  responsible  for  solving  the  linear  program  using 
the  primal  simplex  method  with  the  standard  full  tableau. 
HC0MP--the  subroutine  responsible  for  computing  the  nodal  heads  on 
each  of  the  loadings.  If  a  nodal  head  constraint  is  vio-  ' 
lated,  HCOMP  calls  subroutine  TRADE  to  exchange  the  violated 
(relaxed)  head  constraint  for  a  slack  (enforced)  head  con¬ 
straint  in  the  constraint  matrix. 

TRADE--the  subroutine  responsible  for  exchanging  a  violated  (relaxed) 
head  constraint  for  a  slack  (enforced)  head  constraint  in 
the  constraint  matrix. 

PUMCHK--the  subroutine  responsible  for  checking  for  convergence  of 
the  capital  pump  cost  coefficients.  If  the  convergence 
criteria  are  not  satisfied,  the  coefficients  of  the  pump 
capital  cost  in  the  constraint  matrix  are  adjusted. 
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OIAMCHK-- the  subroutine  responsible  for  checking  the  diameters  used 
in  the  current  linear  program  optimal  solution  and,  if 
necessary,  adjusting  the  set  of  link  candidate  diameters 
and  changing  the  constraint  matrix. 

FGRAQ--the  subroutine  responsible  for  computing  the  loop  flow  change 
vector. 

FL0SEL--the  subroutine  responsible  for  balancing  each  loading 
condition  using  the  Hardy  Cross  method. 

FlOCHG--the  subroutine  responsible  for  implementing  in  the  con¬ 
straint  matrix  the  loop  flow  change  vectors  generated  by 
FGRAD  and  FLOSEl. 

LPFORM— the  subroutine  responsible  for  placing  the  linear  program¬ 
ming  matrix  back  into  standard  form  after  changes  by  TRADE, 
PUMCHK,  DIAMCHK  and  FLOCHG. 

REPORT--the  subroutine  responsible  for  output  of  the  optimal  design 
solution  and  other  summary  program  data. 

Description  of  Input 

This  section  presents  a  line  by  line  description  of  the  input 
data.  The  structure  of  the  input  data  for  the  first  11  lines  of 
input,  presented  below,  remains  constant  regardless  of  the  topology 
of  the  distribution  system. 
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LINE  NUMBERS:  1-2 

FORMAT:  20A4,  /20A4 

VARIABLES:  (C  (i),  i  =  1,  40) 

VARIABLE  DEFINITIONS:  These  input  lines  are  used  to  identify  the 
particular  problem  solved.  The  array  C  is  a  dummy  array 
subsequently  used  for  the  cost  vector. 

LINE  NUMBER:  3 

FORMAT:  1615 

VARIABLES:  MINCOST,  MAXWMIN 

VARIABLE  DEFINITIONS: 

MINCOST--set  equal  to  1  to  solve  minimum  cost  optimization  problem 
(MINCOST)  and  0  otherwise. 

MAXWMIN--set  equal  to  1  to  solve  maximize  sum  of  minimum  weighted 
emergency  loading  heads  (MAXWMIN)  and  0  otherwise. 

LINE  NUMBER:  4 

FORMAT:  1615 

VARIABLES:  MCRASH,  IMAT,  IFLODIS 

VARIABLE  DEFINITIONS: 

MCRASH— set  equal  to  1  to  restart  problem  from  optimal  flow  distri¬ 
bution,  candidate  diameter  set,  and  pump  capital  cost  coef¬ 
ficient  of  previous  optimal  solution  and  0  otherwise.  This 
data  has  been  stored  on  output  file  8  from  the  previous  run. 
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IMAT--set  equal  to  1  to  print  nonzero  elements  in  constraint  matrix, 
and  all  objective  function  and  right  hand  side  elements  and 
0  otherwise.  This  is  a  debugging  option  and  the  program 
terminates  following  return  from  subroutine  MATGEN. 

IFLODIS--set  equal  to  2  to  balance  the  loading  flow  distribution 

after  every  flow  iteration,  set  equal  to  3  to  balance  flow 
distribution  after  first  flow  iteration  only,  and  set  equal 
to  0  otherwise. 

LINE  NUMBER:  5 

FORMAT:  1615 

VARIABLES:  INTER,  ICG 

VARIABLE  DEFINITIONS: 

INTER--set  equal  to  1  to  compute  loop  flow  change  vector  using  inter 
action  with  other  pressure  equations  and  0  otherwise. 

ICG--set  equal  to  1  to  compute  loop  flow  change  vector  using  conju¬ 
gate  gradient  with  Beale  restarts. 

LINE  NUMBER:  6 

FORMAT:  1615 

VARIABLES:  NS,  NJ,  IDMIN,  IDMAX,  NEXCAV,  NQ,  NEMERG, 

NPUMP,  NVL ,  NST,  NCLASS,  NSOURCE 

VARIABLE  DEFINITIONS: 

NS--the  total  number  of  links. 
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N.J  —  the  total  number  of  nodes. 

IDMIN--the  minimum  commercially  available  pipe  diameter  in  inches. 
IDMAX--the  maximum  commercially  available  pipe  diameter  in  inches. 
NEXCAV--the  number  of  links  with  above  average  excavation  costs. 
NQ--the  total  number  of  loading  conditions  both  normal  and  emergency. 
NEMERG--the  number  of  emergency  loading  conditions. 

NPUMP--the  number  of  pumps. 

NVL--the  number  of  real  valves. 

NST--the  number  of  elevated  storage  reservoirs. 

NCLASS— the  number  of  different  classes  of  pipe  of  a  single  diameter. 
NSOURCE--the  number  of  source  nodes. 

LINE  NUMBER:  7 

FORMAT:  15,  10F5.0 

VARIABLES:  NPDIAM,  DPSPACE 

VARIABLE  DEFINITIONS: 

NPDIAM--the  number  of  candidate  diameters  per  link 

DPSPACE--the  number  of  inches  between  adjacent  candidate  diameters. 

LINE  NUMBER:  8 

FORMAT:  F10.0,  F5.0,  15,  2F5.0 


VARIABLES: 


BMAX,  IRATE,  NYPIPE,  SVPIPE,  PIPEM 


VARIABLE  DEFINITIONS: 


BMAX--the  maximum  budget  level  in  dollars. 

IRATE--the  interest  rate  used  in  calculating  equivalent  uniform 
annual  costs. 

NYPIPE--the  number  of  years  used  in  computing  the  equivalent  uniform 
annual  costs  for  pipes  and  storage. 

SVPIPE — the  salvage  value  ratio  for  pipes. 

PIPEM--the  yearly  maintenance  cost  for  pipes  in  dollars/inch  of 
diameter/mile  of  pipe. 

LINE  NUMBER:  9 

FORMAT:  16F5.0 

VARIABLES:  (WL(j),  j  =  NQ-NEMERG  +1,  NQ) 

VARIABLE  DEFINITIONS: 

WL(j)--the  weight  assigned  to  each  emergency  loading  condition  j  . 

It  is  assumed  that  all  normal  loading  conditions  are  placed 
before  any  emergency  loading  conditions.  This  line  is 
deleted  for  a  MINCOST  optimization. 

LINE  NUMBER:  10 

FORMAT:  15,  10F5.0 


VARIABLES: 


MXHCIT,  HDEVMX,  LIMBAL,  SIMBAL 
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VARIABLE  DEFINITIONS: 

MXHCIT--the  maximum  number  of  Hardy  Cross  iterations  for  balancing 
in  the  subroutine  FLOSEL. 

HDEVMX--the  maximum  head  imbalance  allowed  for  convergence  of  the 
Hardy  Cross  method  in  feet. 

LIMBAL—the  maximum  loop  imbalance  allowed  on  a  relaxed  loop 
equation  in  feet. 

SIMBAL--the  maximum  resistance  of  a  valve  placed  between  two 
sources . 

LINE  NUMBER:  11 

FORMAT:  15,  1  OF 5.0 

VARIABLES:  NYPUMP,  SVPUMP,  PUMPEFF,  POWCOST,  PCDIFF 

VARIABLE  DEFINITIONS: 

NYPUMP-- the  number  of  years  used  in  computing  the  equivalent  uniform 
annual  costs  for  pumps. 

SVPUMP--the  salvage  value  ratio  for  pumps. 

PUMPEFF--the  standard  combined  pump-motor  efficiency.  Individual 
pump-motor  efficiency  can  be  specified  in  subsequent  input. 

POWCOST— the  cost  per  kilowatt  hour  of  electricity  in  dollars. 

PCOIFF—the  maximum  ratio  difference  between  estimated  and  actual 
pump  capital  costs.  This  is  the  convergence  criterion  for 
the  iterative  linearization  of  the  capital  pump  costs. 
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Henceforth,  the  specific  line  numbers  are  dependent  on  the  system 
configuration.  Input  line  numbers  will  be  identified  by  their  order 
within  each  class  of  data. 


Individual  Pump  Data 


For  each  pump 


four  input  lines  are  necessary. 


LINE  NUMBER:  1 

FORMAT:  215,  2F5.Q,  15,  3F5.0 

VARIABLES:  k,  PML(k),  HPMIN(k) ,  HPMAX(k) ,  LPUCRIT(k), 

PPUMP(k),  HSTART(k),  PUMPF(k) 

VARIABLE  DEFINITIONS: 
k--the  pump  number. 

PML(k)--the  link  on  which  pump  k  is  located. 

HPMIN(k)--the  minimum  horsepower  of  pump  k  . 

HPMAX(k)--the  maximum  horsepower  of  pump  k  .  If  HPMAX(k)  is  greater 
that  9000,  there  is  no  limit  on  pump  horsepower. 
LPUCRIT(k)--the  critical  loading  for  pump  k  . 

PPUMP(k)--the  number  of  identical  parallel  pumps  which  pump  k  is 
composed  of. 

HSTART(k)--the  initial  estimated  head  for  pump  k  on  its  critical 
loading. 

PUMPF(k)--the  combined  pump-motor  efficiency  for  pump  k  . 
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LINE  NUMBER:  2 

FORMAT:  10  (15,  F5.0) 

VARIABLES:  ((PCOM(k.j),  LPCON(k.j)),  j  =  1,  ...  NQ) 

VARIABLE  DEFINITIONS:  These  two  input  variables  are  used  to  define 
upper  bound  constraints  on  pump  head  lift  between  the  same 
pump  on  different  loadings  or  between  different  pumps  on  the 
same  or  different  loadings. 

PCON(k,j)--the  number  of  the  pump  which  pump  k's  head  lift  on 
loading  j  cannot  exceed. 

LPC0N(k,j )--the  particular  loading  of  pump  PC0N(k,j)  which  pump  k's 
head  lift  on  loading  j  cannot  exceed. 

LINE  NUMBER:  3 

FORMAT:  10  (15,  F5.0) 

VARIABLES:  ( (LPUMP(k, j ) ,  QPUMP(k.j),  j  =  1,  NQ) 

VARIABLE  DEFINITIONS: 

LPUMP(k, j )--set  equal  to  the  number  assigned  to  pump  k  on  loading 
j  if  pump  k  is  operating  and  to  0  otherwise. 

QPUMP(k,j)--the  proportion  of  the  flow  on  the  link  PML(k)  which 
pump  k  on  loading  j  handles. 


LINE  HUMBER: 


4 


FORMAT:  8F10.0 

VARIABLES:  (PUMPHR{k,j ) ,  j  =  1 . N Q) 

VARIABLES  DEFINITIONS: 

PUMPHR(k,j) — the  number  of  hours  that  pump  k  operates  on  loading 
j  per  year. 

Optimization  Parameters 

LINE  NUMBER:  1 

FORMAT :  4F5.0,  215 

VARIABLES:  PSCALE,  ALPHA,  DQMAX ,  QRATIO,  MXFLOIT, 

MXLPIT 

VARIABLE  DEFINITIONS: 

PSCALE--a  factor  used  to  scale  the  pressure  constraints  to  reduce 
the  condition  number  of  the  constraint  matrix. 

ALPHA--the  initial  step  length  for  the  flow  change  vector  (GPM). 

DQMAX— the  optimization  terminates  when  the  current  step  length  is 
less  than  DQMAX.  (GPM) 

QRATIO— the  proportion  of  reduction  in  the  step  length  if  the  objec¬ 
tive  value  worsens  from  the  previous  flow  iteration. 

MXFLOIT— the  maximum  number  of  flow  iterations  allowed. 
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MXLPIT — the  maximum  number  of  linear  programming  iterations  for 
each  flow  iteration. 

Storage  Data 

LINE  NUMBER:  1 

FORMAT:  8F10.0 

VARIABLES:  ((STCOST(k),  STMAX(k),  k  =  1,  ....  NST) 

VARIABLE  DEFINITIONS: 

STCOST(k)--the  cost  per  foot  for  elevation  of  storage  reservoir  k 
(dollars). 

STMAX(k)--the  maximum  elevation  to  be  added  to  storage  reservoir  k 
(feet) . 

Source  Data 

LINE  NUMBER:  1 

FORMAT:  1615 

VARIABLES:  ((SOURCE(j),  j  =  1 . NSOURCE) 

VARIABLE  DEFINITIONS: 

SOURCE (j )--the  node  number  of  source  j  . 
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Node  Data 

For  each  node  i  =  1 ,  . . . ,  NJ  two  input  lines  are 

necessary. 

LINE  NUMBER:  1 

FORMAT:  IX,  15,  5X,  F7.1,  10(2X,  F5.1) 

VARIABLES:  i,  ELV(i),  (B(i,j),  j  =  1,  ....  NQ) 

VARIABLE  DEFINITIONS: 
i--the  node  number. 

ELV(i)--the  elevation  of  node  i  (feet). 

B(i,j)--the  external  flow  on  node  i  on  loading  j  . 

LINE  NUMBER:  2 

FORMAT:  15X,  6F10.0 

VARIABLES:  (PR(i,j),  j  =  1,  ....  NQ) 

VARIABLE  DEFINITIONS: 

PR ( i » j ) --the  minimum  head  at  node  i  under  loading  j  . 

Link  Data 

For  each  link  i  =  1 ,  . . . ,  NS  two  input  lines  are 


necessary. 
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LINE  NUMBER:  1 

FORMAT:  15,  2F10.0,  315 

VARIABLES:  PIPE(i),  AL(i),  HW(i),  IDN(i),  IDX(i), 

I CLASS { i ) 

PIPE(i)--the  link  number  of  the  i-th  link.  Unlike  nodes,  links 
do  not  have  to  be  numbered  consecutively. 

AL( i ) — the  length  of  the  i-th  link  (feet). 

HW(i)--the  Hazen-Wi 1 1 iams  roughness  coefficient  of  the  i-th  link. 

IDN(i)--the  initial  minimum  diameter  (inches)  in  the  candidate  diam¬ 
eter  set  for  the  i-th  link.  If  IDN(i)  is  negative,  it  is 
also  the  minimum  allowable  diameter  on  the  i-th  link. 

IDX ( i ) -- the  initial  maximum  diameter  (inches)  in  the  candidate  diam¬ 
eter  set  for  the  i-th  link.  If  IDX(i)  is  negative,  it  is 
also  the  maximum  allowable  diameter  on  the  i-th  link. 

ICLASS ( i )--the  pressure  class  number  for  the  i-th  link. 

LINE  NUMBER:  2 

FORMAT:  15X,  6F10.0 

VARIABLES:  (Q(i,j),  j  =  1 . NS) 

VARIABLE  DEFINITIONS: 

Q ( i » j ) — the  initial  flow  on  the  i-th  link  under  loading  j  . 
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Pressure  Constraints 

For  each  loading  condition  j  an  input  line  is  required. 

LINE  NUMBER:  1 

FORMAT:  1615 

VARIABLES:  NQHEQ(j),  NQSEQ(j),  NQLEQ(j) 

VARIABLE  DEFINITIONS: 

NQHEQ(j  )--the  number  of  nodal  demand  pressure  constraints  on  load¬ 
ing  j  . 

NQSEQ ( j )--the  number  of  source  constraints  on  loading  j  . 

NQLEQ ( j  )--the  number  of  loop  constraints  on  loading  j  . 

For  each  pressure  constraint  a  maximum  of  5  input  lines  may  be 
required. 

LINE  NUMBER:  1 

FORMAT:  1615 

VARIABLES:  ITYP,  IDUP,  NSTAR,  NFINIS,  NLOA,  IPM,  ISS 

VARIABLE  DEFINITIONS: 

ITYP--set  equal  to  1  for  nodal  head  constraint,  to  2  for  source  con¬ 
straint,  and  to  3  for  loop  constraint.  If  set  equal  to  -1, 
the  nodal  constraint  is  not  included  in  the  initial  set  of 
constraints  but  may  be  exchanged.  If  set  equal  to  -2  or  -3, 


366 


the  source  or  loop  constraint  is  relaxed.  If  set  equal  to 
99999,  this  is  end  of  data  set. 

IDUP--set  equal  to  0  if  the  set  of  links  in  the  pressure  constraint 
is  not  duplicated  in  a  previous  loading.  For  a  nodal  con¬ 
straint  that  is  duplicated  in  a  previous  loading,  set  IDUP 
to  the  loading  number  in  which  the  constraint  is  duplicated. 
For  a  duplicate  source  or  loop  constraint,  set  IDUP  to  the 
source  or  loop  number  which  has  been  duplicated  when  count¬ 
ing  all  original  loop  constraints  consecutively.  The  use  of 
IDUP  is  not  mandatory  but  can  save  considerable  storage  for 
large  problems. 

NSTAR--the  starting  node  for  the  pressure  constaint.  For  nodal  and 
source  constraints  NSTAR  must  be  a  source  node.  For  loop 
constraints  it  can  be  any  node  in  the  loop.  In  this  case 
it  is  used  for  identification  purposes  only. 

NFINIS--the  finishing  node  for  the  pressure  constraint.  For  nodal 
constraints  NFINIS  must  be  a  demand  node.  For  source  con¬ 
straints  it  must  be  a  source  node.  For  loop  constraints 
NFINIS  =  NSTAR. 

NL0A--the  loading  condition  number. 

I  PM— the  number  of  pumps  in  the  constraint. 

ISS--the  number  of  elevated  storage  reservoirs  in  the  constraint. 
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LINE  NUMBER:  2 

FORMAT:  1615 

VARIABLES:  N 

VARIABLE  DEFINITIONS: 

N — the  number  of  links  in  the  pressure  constraint. 

LINE  NUMBER:  3 

FORMAT:  1615 

VARIABLES:  (NO(j),  j  =  LPTR  +1,  ....  LPTR  +  N) 

VARIABLE  DEFINITIONS: 

NO(j)--the  links  in  the  pressure  equation.  Both  lines  2  and  3  are 
deleted  for  duplicate  constraints. 

LINE  NUMBER:  4 

FORMAT:  1615 

VARIABLES:  (IPN(i.j),  j  =  1,  ....  IPM) 

VARIABLE  DEFINITIONS: 

IPN(i.j)— the  list  of  pumps  in  the  i-th  pressure  constraint.  This 
line  is  deleted  if  IPM  equals  0. 

LINE  NUMBER:  5 

FORMAT:  1615 

VARIABLES:  (IST0R(i,j),  j  =  1,  ....  ISS) 
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VARIABLE  DEFINITIONS: 

I STOR ( i , j )--the  list  of  elevated  storage  reservoirs  in  the  i-th 

pressure  constraint.  This  line  is  deleted  if  ISS  equals  0. 

Example  Problem 

The  example  problem  is  taken  from  section  5.5.  The  topol¬ 
ogy  of  the  distribution  system  is  shown  in  Figure  D-2.  The  initial 
flow  distribution  for  the  normal  and  fire  demand  emergency  loading 
conditions  are  shown  in  Figures  D-3  and  D-4  respecti vely.  The  input 
data  for  the  problem  is  shown  in  Exhibit  D-l  and  the  resulting 
optimal  detailed  design  output  data  is  shown  in  Exhibit  D-2. 

Computer  Program  Source  Listing 

The  source  listing  of  the  program  is  as  shown  in  Exhibit  D-3. 
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EXHIBIT  D-1  (Continued) 
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EXHIBIT  D-3 

COMPUTER  SOURCE  LISTING 


c 

— c 
c 
-c 
c 

■  c 

c 

-  c 
c 
c 
c 

-  c- 
c 

c- 

c 

c 

c 

— c 

c 


PO06HAH  WATOP  (  INPUT, OUTPUT, TAPCS=rNPUT, TAPE6=0UT®UT , TAPEd*TAPE 
l TA®E1 2  > 

TRACE  STATEMENT  NUMBERS 


QRATIO  =  IF  <  OG/QMAX)  .L  T.ORATI  0  Then  T  £RM I N  AT  2 

3M  A  X  =  *  4  X  I  MUM  ANNUAL  TOTAL  BUDGE T ( C A P I T ALL OPE R A T I NG > 

OOMAX  =  WALJC  OF  FLO ■  CHANGE  BELOW  WHICH  ITERATIONS  ARE  STOPPED 

G® max  =  MAXIMUM  GRADIENT  ALLOWED 

SR“IN  =  MINIMUM  GRADIENT  ALLOWED 

mpmax  =>  LARGEST  PUMP  HORSEPOWER  ALLOWED 
TO*!*  =  minimum  DIAMETER  ALLOWED 

ID-AX  2  maximum  DIAMETER  ALLOWED 

JR&TE  sINTEREST  RATE  USED  IN  PRESENT  WORTH  COMPUTATIONS 
MX  LP  IT  2M4XIMUM  NO*  OF  L 0  ITERATIONS  °ER  FLO*  ITERATION 
MXPLOIT  SMAXI-U-  NO.  of  Flow  ITERATIONS  PER  NETWORK  CPTIMIZATIO 
■•X  NET  I T  SMAXI-UM  NO.  OF  NETWORKS  OPTIMIZED  PER  COMPUTER  RUN 
=  NUMBER  OF  OEC I  SI  ON  VARIABLES  IN  Th£  INITIAL  L3 
SINITIAL  NO.  OF  SEGMENTS  IN  PIPES*  ».C.  OF  PUMPS, 

VALVES  ANO  RESERVOIRS  ♦  OBJECTIVE  FUNCTION  VARIABLES 
=  NUMBER  OF  CONSTRAINTS  IN  THE  LP  =  NMED* NSE Q*NLE 3 
=  NO.  OF  NEGATIVE  SLACK  VARIABLES  IN  PRESSURE  CONSTRA 
sNHEa*NSEO*NLE C  TOTAL  NUMBER  OF  PRESSURE  CONSTRAINTS 


NOV  AO  S 


NMROWS 

NMSLACK 

NPEQ 


NExCAV  =  NUMBER  OF  LINKS  WITH  EXTRA  EXCAVATION  COSTS 


NMCOLS 

NCLASS 

NEmfrg 

'M 

NLOOP 

NNORM 


11 • WATQ023: 
WA  TO  GOO  2 
WAT0CCC3 
WA  T9  G  204 
•  ••WATC  9CG5 

matoooos 

•vat:  :  oo  7 
w ATO  COO? 
WATCQ0C3 
wa  roooi  o 
WAT3C011 
WAT  3  9  G 1 2 
WATCCGl  3 
waTlCII* 

wat: c  g  i  3 

WATCCOU 
WATC JCi  7 
w*  t::cir 
WAT5GC1? 
WATCC029 

ns  wat:co2i 
intwat:cc2? 

-at::C23 
WAT09C2A 


ON 


NUMBER  OF  VARIABLES  IN  the  LP  (INCLUDING  SLACKS  A NOW AT C0C25 


ARTIFICIAL  VARIABLES^  NOV ARS*NMROw$*NMSLACK 
=  NUMBER  OF  DIFFERENT  PIPE  CLASSES  (WALL  THICKNESSES) 
^NUMBER  OF  EMERGENCY  LOAOING  CONDITIONS 
=  NUMBER  OF  NODES 

s  TOTAL  NUMBER  OF  LOOPS  UNDE0  ALL  LOADING  CONDITIONS 
=  NUMBER  OF  NORMAL  LOADING  CONDITIONS 


-NPSZ  ^NUMBER  OF  BUDGET  CONSTRAINTS 

N®CQ  =NhEO*NSEO*NLEQ  -TOTAL  NO.  OF  PRESSURE  EQJATIONS 


WAT?0G2a 
WATCGC2? 
WATGGG23 
wat : ::2* 
watc:23: 
WATC9C  31 
WATGGO 32 
WATC:G33 


-  c  - 

NLEO 

*  NUMBER  OF  LOOP  CONSTRAINTS 

WAT  0  G  9  3* 

C 

NSEQ 

=  1UXBER  OF  CONSTRAINTS  SiTHEiN  FIFED  HE  AO  NODES 

WAT9:?25 

--  c 

NM£Q 

*  NUMBER  OF  PRESSURE  CONSTRAINTS  AT  NOOES 

W*T9C03i 

c 

N°UM® 

*  NUMBER  OF  PU*P$ 

•ATCCC37 

C 

NO 

s  NUMBER  OF  LOADINGS 

WAT0CC34 

c 

NPL 

x  NUM8rR  OF  REDUNDANT  LINKS  IN  THE  SYSTEM 

-AT3CG2? 

— c  - 

NS 

s  NUMBER  OF  SECTIONS  (PIPES) 

WATSGwAl 

c 

NST 

*  NUMBER  Of  STORAGE  RESERVOIRS  WHOSE  ELEVATION  IS 

TO  BE 

UATSCC41 

c 

DESIGNED 

WATOC  C42 

C 

NT 

=  NUMBER  OF  LOOPS  ®IUS  PATHS  IN  WHICH  THE  FLO*  IS 

ALLOWED 

wat: ccr! 

c 

CHANGE 

WATO  COR* 

c 

NVL 

*  number  of  valves 

-ATvCOA- 

c 

N  V  °  I  ®  E 

^USEFUL  ECONOMIC  LIFETIME  FOR  PIPELINE  IN  YEARS 

wat:oc«? 

c 

NTPUMP 

^USEFUL  ECONOMIC  LIFETIME  FQR  PIPELINE  IN  TEARS 

WATCC 3A7 

--  c 

PI  PC  M 

x  PIPELINE  04 M  COST/I NCm  CF  0IAM£TER/MIL£/Y"AR 

WATCCC43 

C 

powcost 

s  CC3T  OF  ELECTRICITY  IN  S/KW-HR 

WATJCCA9 

c 

PUMerrr 

s  pump-motor  combined  efficiency 

WATC  CC50 

c 

PUMPM 

=  MAINTENANCE  COST  OF  PUMPS/hORSEPOWER/YEAR 

WATCCC31 

-  -c 

Sv  °I  PE 

s  RATIO  OF  PIPE  SALVAGE  VALUE  TO  INITIAL  VALUE 

WATGGC5Z 

c 

AL®MA 

=  INITIAL  STEP  SIZE  FOR  flow  CHANGES 

WATCC053 

c 

AAL(3) 

x  temporary  optimal  oiameters  of  a  link 

WATCCC53 

—  c 

ALL( ML  t 

5)  X  LENGTHS  OF  the  OPTIMAL  SEGMENTS 

WATCC05S 

c 

AL(NS) 

*  LENGTH  OF  THE  LINK 

WAT0C0S7 

-  c 

- 0  <  NMROWS  >  *  R.M.S.  VECTOR  FOR  THE  LP 

WAT0CC5B 

c 

8CC0NC  NMCOLS)  x  SEPARATE  CAPITAL  COST  COEFFICIENTS 

WATCCC20 

c 

BOCON ( NMCOLS )  *  SEPARATE  OPERATING  COST  COEFF'S 

WATCC0G9 

c 

BCON(NMCOLS)  *  COMBINED  CAP!  TAHOPER  ATtNG  COST  ARRAY 

W4TCC361 
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i 

i 

i 
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HU(NS)  =  MAZtN-WtLLlAHS  COEFFICIENTS 

C  0  NS  C  N  J  •  NO  )  =  CONSUMPTIONS  AT  NOOES 

0<  N$«  MA  X.  NO.  OF  DIAMETERS  PER  LINK)  x  DIAMETERS 
DO«>(3)  =  OPTIMAL  OIAMETERS  OF  A  LINK 

OQ(NLODP)  x  FLOW  CHANGES  IN  THE  LOOPS 
ELV(NJ)  =  NODE  ELEVATIONS 

FF(NT)  x  USED  IN  COMPUTING  Th£  GRADIENT 

GB  ( NT  )  :  GRADIENT  COMPONENTS  W.R.T.  8UDGET  CONSTRAINTS 

GOoOymrOwS)  ;  USED  jN  COMPUTING  PERFORMANCE  GRAOIENT 
GZ  <  N  T )  =  SR  AO  I ENT  COMPONENTS  W.R.T.  PERFORMANCE  OBJ •  FUNCTION 

HCORA(NPEG)  =  HEAD  CORRECTION  FOR  RHS  DJE  TO  MINIMAL  PUMP  SIZE 
HMAX<  NP'JMP,  NO )  =  MAXIMUM  H£AO  F  OP.  EACH  O'JMP/LOAOING  COMBINATION 
HMIN( NPUMP,NO )  =  MINIMUM  h£AO  FOR  EACH  PU^P/LOADING  COMB  I N  A  T I OCN 
HPMIN(NPUMP)  X  MINIMUM  HORSE°CWE«  CAPACITY  REQUIRED  FOR  PUMP 
hF(NS.NQ)  =  hEAD  LOSS  IN  LINK  UNDER  EACH  LOADING 
HFS<NS,NO)  =  THE  RATIO  HF/G,  USED  TN  COMPUTING  Th£  GRADIENT 
HMIN< NPUMP *N3 )x  MINIMUM  HEAD  FOR  EACH  OUMP/EMERG.  LOADING 
I A  "•(  ,  ,  f 


t)  =  USED  IN  GRAOIENT  COMPUTATIONS 

GRADIENTS  OF  THE  OBJECTIVE  FUNCTION 
1 8 C ( NMO OW S )  =  THE  BASIS  OF  THE  L° 

I  CL ASS ( NS )  X  CLASS  OF  THE  SECTION 
ICOMLIN<  •  •  ) x  US EO  IN  GRADIENT  COMPUTATIONS 
I0N<NS)  x  MIN  DIAMETER  ALLOWED  FO*  a  PARTICULAR  LINK 

IOX(NS)  =  Mix  OIAMETER  ALLOWED  FOR  A  PARTICULAR  LINK 

TEGSTAT(NPEQ)  s  STATUS  OF  PRESSURE  E QU AT  1 0N< ACT  I V E/ IN ACTI VE ) 

IEDRL(NPEO)  =  ARRAY  OF  REOUNO ANT  LINKS  ASSOCIATED  WITH  A 
PARTICULAR  PRESSURE  EQUATION 

Ipl£3(NS*:C)  X  ARRAY  OF  PRESSURE  EQUATION  NUMBERS  ASSOCIATED 
WITH  A  PARTICULAR  REDUNDANT  LINK 
I®LST  AT'JS(NS*MXNETI  T)  x  STATUS  OF  EACH  LINK  IN  EACH  NETWORK  CPTIMlyATCC 
NSTART(NPEG)  p  STORES  START  NODE  FOR  PRESSURE  CONSTRAINT  COMPUT  AT  I J  A  To  C 


WAT  0  C 
WATCC 
WATCO 
WATOG 
WATCO 
U  AT  c : 
WATCC 
WATCO 
WATCO 
WATCO 
WATOS 
WATCO 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WAT:  2 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WATCC 
WATCOCflR 
WATCC cb; 
:  9  i 

csz 


062 
263 
06« 
065 
C66 
061 
Q  63 
06? 
07** 
071 
C  72 
C7J 
074 
C  7  5 
S  76 
:  77 

C  79 
C79 

ce; 

C  9 1 
ch  : 

063 

6  4 
8" 
C  86 
C87 


NLOAD<  NPED) 
NLINK(NPEQ) 
.I°hP(NPEO) 

IPN(Mi,M4X.  NO. 


°IZ(NMROwS)  x  DUAL  VARIABLES  W.R.T.  PERFORMANCE  FUNCTION  WATCC C 93 

CONSTRAINT  IS  FORMULATED  WATCCC94 

=  NO.  OF  LOADS  F3»  EACH  CONSTRAINT  WAT3;,:95 

x  NO.  OF  SECTIONS  IN  A  CONSTRAINT  WA  TCG096 

=  USED  TO  HOLD  THE  NUMBERS  OF  PUMPS  AND  VALVES  wATC  D097 

in  the  constraint  wat:::9i 

OF  PU^PS  ANO  VALVES  IN  ANT  CONSTRAINT)  x  WATO  009? 

LIST  OF  PUMP  A  NO  valve  NUMBERS  IN  THE  CONSTRAINTS  WATCC 1C  0 
TST(Nn.  DR  PRESSURE  C0NSTRAtNT$*LD0°S*3ETWEEN  NODES)  x  NO.  OF  WAT'. 101 

RESERVOIRS  IN  THE  CONSTRAINT  WATC  C  1C? 

TSTORCNPEQf 4)  x  NO.  OF  RESERVOIRS  IN  CONSTRAINT  WAT:;iC3 

ITTPEC NMROUS)  =  EQUATION  TYPE  7-NEAO  MAX  1-mEAO  MIN  2-SHURCE  WAT0C104 

3-LOOP  4. LENGTH  5-8’JOGET  6-STORAGE  7-PUMP  WATC  C  1 C  5 

IPIVCNMROWS)  =  WORK  VECTOR  UATC3106 


c 

LINCOL(NS) 

=  VECTOR  CONTAINS  STARTING  COL.  NO.  e0R  L ENGTH 

wATccicr 

c 

0 

ECICION  variable 

wATo: 109 

c 

LOADCOL(NQ) 

X 

FIRST  COLUMN  ASSOCIATED  WITH  EACH  LOADING 

WATC  C1C9 

c 

NCOL(NQ) 

=  NO.  OF  COLUMNS  ASSOCIATED  WITH  EACH  LOADING 

W A  TO  G 1 13 

c 

NCOM(NPEO.NLOOP)  =  NO.  OF  COMMON  LINKS  BETWEEN  EQUATIONS 

WATC  3 1 11 

* 

c 

NOIAN<nD) 

=  USED  TO  STORE  THE  NUMBER  OF  SELECTED  DIAMETERS 

WATO G 112 

c 

FOR  EACH  LINK 

WATCCli 3 

c  . 

NO(NPES*MAX 

NO 

.  Or  LINKS  IN  PR  CONSTRAINT)  *USED  TO  STORE  THE 

WATC011** 

1 

c 

CCNLINKUTIVC  SECTIONS  OF  THE  CONSTRAINT 

WATCC 113 

c 

NFINISH(NPE 

0) 

=  STORES  END  NOOE  FOR  PRESSURE  CONSTRAINT  COHPyTA T I OWAT G S 11 6 

i 

c 

NOPEQCND ) 

s 

NO.  OF  PRESSURE  EQUATIONS  IN  LOAOING 

WATC  C 1 1 7 

c 

NQLEQ(NQ) 

X 

NO.  OF  LOOP  EQUATIONS  IN  LOADING 

MAT32119 

c 

NOSE  0 ( NO ) 

X 

NO.  OF  SOURCE  EQUATIONS  IN  LOADING 

WATCCli? 

c 

NQhCQ( NQ> 

X 

NO.  OF  HE  AO  EQUATIONS  IN  LOADING 

WATG0123 

c 

PIB(NMROWS) 

z 

DUAL  VARIABLES  W.R.T.  euOGCT  CONSTRAINTS 

WA  TC  C 12 1 

c 

PIZ«  NMROWS) 

X 

dual  variables  *.r.t.  performance  function 

UAT6C122 

c 

P“L( NPU^P) 

= 

LOCATIONS  OF  THE  PU*PS 

WAT  3  0 12  3 

pyupHfi  (  NPIJM 

®VL( NvL  > 

PR  <  N  J  .  NQ  > 
Q<NS*NQ> 

00  <  NL00° ) 

OR S (  NO) 
C(NMCOL$*l> 
STCOSTC NST) 
STnax(N$T> 
taring,  OP 


X  (  NMCOUS) 

T  I  N“ROW$> 
rP<N“?Qu3l 


P,NQ>  =  NO-  OF  OPERATING  HOURS  OF  PUMP  FOR  EACH  LGA0IWATCC1 
=  LOCATION  OF  REAL  VALVES  ON  LINKS  WAT001 

=  WIN/ MAX  PRESSURE  AT  NOOES  UNOER  EACH  LOADING  WATCCl 
=  LINK  FLOWS  FOR  EACH  LOADING  WATCCl 

S  ACCUMULATED  FLOW  CHANGES  IN  LOOPS  WATC21 

=  FLOWS  IN  A  LINK  ( 3  I  MENS  ION  NQ )  WATCCl 

=  OBJECTIVE  FUNCTION  WAT0C1 

=  COSTS  FOR  STORAGE  VARIABLES  UAT:C1 

=  “AXIMUM  STORAGE  HEIGHT  FOR  VARIABLE  HEAD  SOURCE  WATCCl 
SELECTEO  OIAWETERS*  NO.  OF  CLASSES)  =  .ATQC1 

USED  TO  STORE  PIPE  COST  OATA  WATCCl 

=  WEIGHT  OF  EACH  HEAD  CONSTRAINT  IN  THE  OBJECTIVE  FUNCTWATCCl 
CONDITION  IN  OBJECTIVE  FUNCTION  -AT0C1 

=  STORES  VALUE  OF  DECISION  VARIABLES  dATGCl 

=  STORES  VALUES  IN  COMPUTING  DUAL  VARIABLES  WAT*;; 

=  dORK  VECTOR  FQS  p  13  CALCULATION  -A  T; :  1 


LIST 
LIST 
CO****ON 
COMMON 
COMMON 
1  c  *5 )  , r  a 
COMMON 
COMMON 
Cftl*MON 
COMMON 
— COMMON 
COMMON 
COMMON 
ICCRITCl 
-  COMMON 
COMMON 
COMMON 
COMMON 
Common 
1  LE 

COMMON 
COMMON 
-  COMMON 
COMMON 
COMMON 
IT.TFLOT 

COhmon 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

COMMON 

DATA  MI 

OIMCNSI 


/8UF1 1/  0(45,4  I 

/EG/  IHEQ<J>.I2 
/LINK/  AL<4?),E 

8C3C«1>«  XDMRM) 

/NINO/  MINO(AS) 
/MAKO/  MAX0<A5) 
/P I °E /  PIPE<45> 
/BASIC/  1 9 V ( 325 
/ BU F 1 2 /  PIZ<125 
/FLOA/  00(43>,0' 
/Pumpa/  HPMINC* 
) ♦N0PUMP(3) «PML 
/2L0A0/  2L0A0( * 
/2PEN/  ZP£N( 3) 
/GRAO/  INTER, IC 
/PR  EO/  NH£  0, NSE 

/number/  mxflOI 

/OPTION/  IFLOOI 
/NOUT/  MOUT,MIN 

/Imatgen/  imatg 

/STATUS/  ILPFOR 
/C  T I M£ /  TMATT,T 

/FLOV/  2 F LOOP, I 
/NT  I  ME /  NOIACHG 
/2 /  2 

/MATRIX/  NMROWS 
/NRhSChG/  NRhSC 
/ 1  Ex/  IEX 
/IPUMP/  JPUMP 

?•*  MOUT/B,S/ 

ON  ZOLO( j) 


-r3C<X25  )  %N0<  3  25)  .<*  (  45, 3) 

EQ<  3  > • ILEQ( 2) »N3H£0 ( 3) ,NQLC J ( 
XCAVF( AS >  ,Hd« A3) , ICL4SS<  4*  ) ,L 
, I DX ( 45 ) 


) « Is  I V ( 1 25 ) 

)*hF<a5»3),x<325> 

0<  4  5 ) , ALFA (3) 

) , HPMAX ( 5 ) ,HMIN(5,3) ,HMAX(5,3 
< * > , Puc OE F < 5 ) , ® UMPHR ( 5 , 3 > , P VL 
) 

G,IBFGS,G2MC0ST,G2MPER, ALPHA, 
G«  NLE  0, NPOO 

t,ns,nj,nq,nvl,npump,nst,ncla 

S,ma XWMI N, “CRASH, MI NCOS T 


M, IGRAO, IFLOSEL,  ILP 

NETT, TFLOS, T L F T , TL °FT , TPUMT , T 


TFLOOP, ITFLO 

,NPUMCHK ,NFLDCHG.NR0WPI V 


3  )  t.NOS EQ (  3  )  WATCCl 
I NC  0L( 45 ) , NO lAMWATCt 1 
WATCCl 
UAT0C1 
WATCCl 
WAT0C1 
WATCCl 

w  a  t  o  c : 

WATCCl 

> ,L°UMO(5,3) ,L3WAT:c: 
(1)  WATCCl 

WATCCl 
WATCCl 

I  ALP* I CR I T  WAT0C1 

WA  TO  C  l 

3S»NS0URCE*PSCAWAT0C1 

WATCCl 

WATCCl 

WATCCl 

WATCCl 

WATCCl 

grat,toiat,tsavwat:;i 

WATCCl 


*  N“C  CLS* NMSLACK,NOVARS,NBUR^  w* 
HG 


INITIALIZE  VARIABLES 


2*  *  • 

ZL AST  r 1 .Z3C 

IFLOSEL*C 

NPUMCMKaC 

NDIACHG=0 

NPHSCHGsO 
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♦ 


ITFL00P=1 
TFLOSs' . 
tl°t*  '  . 

T«>U«Ts:  • 

TSAVtsC  • 

TGRAT  sC* 

TOI AT=  *  • 

. 

TLPFTrS. 

Zc  L0CP= 1 • £1 5 
-  ITFlO=l 

il°=; 

I L  PFO®  Nr C 

C 

C  •  •  •  •  •  REAO  I N  P«OBL£N  DATA 

CALL  SECOND  (STATIC) 

CALL  MATG2N 

CALL  SECOND  (ENOTINE) 

TvATTrEN3TIME-$TAT?ME 

IF  < IMATGEN.EQ.l)  SO  TO  2SC 
C?  1C  J=1*NNC2LS 
IRV<  J)s 
::  CONTINUE 

IF  ( NAXUNIN.EQ. 1 )  I3V<LINC0L<NS>-NDIAM<N$) >=-l 
00  2C  Isl.NNAOKS 
IBV(  I9C(I) >  =  I 
I P I V  ( I  )r C 
?C  CONTINUE 

CALL  SECOND  (STINE) 

DO  30  I  =  UNLE3 

oo<n=:. 

rr  CONTINUE 

00  AO  I  si « MO 
ZLOAO (I )sO« 

ALFA( I I =al°ha 
Z  0  L  D  (  I  >  3 1  •  E  3  G 
a'  CONTINUE 

IF  ( IFL0015-LT.3)  GO  TO  5* 

READ  C"Ift|»?8:«£NC3'>'S>  (OOCI  )9l=l  ♦NLEOl 
CALL  FLCCHG 

I*  < IFL00!S.E0,2>  GO  TO  7' 

* :  write  ( ncu t 9* 5 : > 
oc  $:  i=i .nc 

write  <*'out,3c;>  i.<3<:.L>.L  =  i.\'n 
*>:  continue 
c 

C  •  •  •  •  •  PLACr  * A  TP  I  X  IN  STANDARD  FORM 
C 

7:  CALL  SECOND  (STATINE) 

CALL  LPFOAw 

CALL  SECOND  (EN2T!*£> 

CTI NFr? NOTINE- ST AT TNE 
TLPFTsTLPFT^CT I«E 
C 

C  S  WRITE(N0UT  tZaC  )ITFL0*CTINE.NR0WolV 

C  *2f3  FORMAT ( •  COMPUTATION  TIME  FOP  FLOW  ITERATION  NO. •♦13. 

C  *  l  *FGk  LPFORM  S..FR.A,/.*  NO.  OF  ROW  PIVOTS  =*.I5> 

C 

IF  CILPPORM.EQ.l )  GO  TO  2DC 
WRITE  ( MOU T .310)  I T flo 

if  <nleo.ec.:>  go  to  s: 


watciis* 

WAT0C187 
UATCC183 
WATCC189 
WAT0C192 
WAT3C191 
WAT00192 
WATCC19  3 
UAT0019A 
wat::i95 
WATCG19S 
WATCC197 
wat:ci39 
WATC0199 
WAT002C * 
watiszci 
WATCC202 
WAT3C2C! 
UAT0C2CA 
WATCC2CS 

.  a  t  :  z  i :  ■» 

W4TCC2:? 
•-ATCD203 
WATS  S  2  C  9 
WATuC2i: 

wat::2ii 

UATCC212 

watc;2:3 

WAT 3C21A 
wat::2:5 
wat; :21s 

WATCC217 
WATDC218 
UA  TO  C  21 9 

wat::22: 

WATQC221 
WATCC222 
dATc:223 
WATDi22% 
WATUC225 
wat: 322* 
WATGC227 
WAT0C22? 
W  AT  C : 22  } 
«at:c23: 
WATCC23: 
WAT  3  C  2  32 
w ATC0233 
W ATC  3  2  3* 
WAT:C23« 
WATCC23S 
WAT 0  0237 

wat:; 239 

WATCC23A 
WAT0C2A; 
WATC :2A1 
WA  TO  3  242 
WATO-241 
NATO  0244 
WATC0243 
WATO  g  24  9 
WATD3247 


r>  n 
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write  <mout«3:ci 
-RITE  <*OUT«35C> 

K1  21 

DC  80 

--  -  IP  <  NQL  *  « I ) .EG . C  >  SO  TO  8: 

K2*^l*NV_Eocn-l 

tf«IT£  (MOUT.3*:>  I* (30<L  >*L5K1»<2  > 

<12- 2+i 
a :  CONTINUE 

•  PERFORM  L®  OPTIMIZATION 

=:  CALL  SECOND  (STAT:«r) 

CALL  L® 

CALL  SECOND  <ENOTI*«E) 

ct:me=enotine-$tati«e 

IL®Ts  TL®T<*CT  IM£ 

*  TF<  I€*  .EG. )ua  IT-It-OUT  ,2i:>  t  <  J  .X  ( J> »  *U=1  *N>*C0l3*1  > 
S23C  F0RMAT<7(.  X(.,Iif.):.,Fa-i») 

:p  (Itflo.gt.d  go  tc  i c : 

WRITE  <H0UT,35C>  ITFLO,CTIMc 

i::  ic  <  iek.es-:)  go  to  us 

>••••  CHECK  NODAL  HE AQS 
n«h$chg=: 

:  s  Do  i:t  j=:*no 

- -  *  I*<NOHEQ<  JI.G-.C*)  CALL  HCO"P(J> 

:  sue  CONTINUE 

if  (npumd.eo.:)  go  to  ::: 

.  CHECK* AOJUST  SLOPE  Oc  CAPITAL  PUN®  COST  COEFFICIENT 

CALL  SECOND  (STATINE) 

CALL  pumcmk 

CALL  SECOND  (  ENOT  T**E) 

- -CT  i*»c=endtine-statine 

TPUNT=TPUPT»CT I^E 

URITE  ("0UT*3?C)  ITFLO*CTINE»NPUPCHK 


C . 

c 


»  CHECK  *  ACJUST  CANDIDATE  0 1 A“CT  ER$  IF  NECESSARY 
IF  C IPjMp.ro.:. AND. NPUNCMK.5T.C)  so  TO  7' 

if  c  IPUNP. co. i. ano.npumcmk.es. : >  go  to 

CALL  SECOND  <STATIM£) 

CALL  DIANCHK 

CALL  SECOND  (ENOTIME) 

CTTMEsENOTlMF-STATIMr 

TO! aT=TDI A t*cti*e 

IF  < NCI ACHG.EQ.C)  GC  f0  ill 

URITE  (*OUT*27C>  ITFLO#CTImE.ho  I ACHO 

IF  ( NOI AChG.GT.C .OR.NPUMCHK.GT .C )  GO  TO  TC 

IF  <  NLEO. E 0. C )  SO  TO  1*0 

IF  (IEX.EO.l)  GO  to  2'1 

IF  (ILP.NE.«)  SO  TO  2*0 

IF  (IEX.EO.l)  GO  TO  220 

•  CD«PA°E  CURRENT  TO  PREVIOUS  SOLUTION 


W4TC:2*3 
UATCG2R9 
UATG0250 
* A  TC  C  251 
-AT0C252 
-ATCCC52 
U  A  TO  C  254 

y atc : 255 
wATceas* 
-AT3C257 
U A  TOC  253 
UATCC259 
UATQC26: 
'J  A  T  C  C  2  e  1 
WAT2C26 > 
uat: c2&3 
w  A  T  0  C  2  e  *• 
UA TC  C 2*5 
yATO  C2o* 

uat  0:2*7 
y at:: z 68 

WAT0C281 
yATG027S 
■  ATCC2  71 
WATCC272 
WATCC273 
UAT0C27* 
UAT3C275 
ta AT  G  C  2  7* 
JATCC277 
yAT: 0273 
UATCC27) 
yATC  C28I 
uat: :28: 
yATf :282 
uat::2S' 
uat:c 16* 

WAT  C I  28  ■ 
yATC  r "flo 

uat: .car 
WATCC283 
yATC -DR  * 

uat:  129'' 

UATCC291 
UAT; .292 
UAT. : 2 9  ’ 
y A  TC  2 2  9m 
•ATCC295 
UATCC296 
WA  TCC297 
yATC  C  299 
yATC :299 
y A  TG  c  30  : 

yAT: esc: 

W ATC  l  3C 2 
wat::3C3 
UAT0C3C* 
WAT0G3C5 
WA TO  C  30 * 
WAT 3  C  35  7 
UATOC  3C8 
UAT3C309 
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C 


n : 


c 

C' 

c 


ISO 


i>c 


c 

c  •  •  •  * 


i* : 

2  C  C 


210 

2:; 


oo  is:  t=: %nq 

IF  tZ.ST.ZLAST)  ALF  *<  I  >=*6*ALFA(  I  J 
CONTINUE 
ZLAST=2 

JF  ( Z.GT.ZFLOOP)  gc  to  22: 

SAVE  t«oPOV£D  SOLUTION 

CALL  SrCONO  (STATIME) 

ZFLOOP=Z 
TTFLOOP* IT  FLO 
CONTINUE 

I*  (UNIT»i:>  15:»loC*26C 
REWIND  12 

BUFFE  a  OUT  (11*0  ( 0  <  1  •  1  )  « 0  (  4  5  •  3  >  > 
CONTINUE 

if  <y\rT*:z>  :7:,i?o.26: 

REWIND  12 

3Ur"£a  OUT  (12»:>  (  P I  Z  <  t )  t  X  <  325  )  » 

SAVE  OPTICAL  SOLUTION  FOP  RESTART 


*ATG 0312 
WATG*3il 
WATCC312 
WATCC313 
wat:c314 
WAT3CU5 
WAT “ C  316 

-atc::i r 
WATCCilB 
pat:: 3: 3 
wato;32: 

WAT:C32l 
WATCC32  : 
dATl?32! 
WATCC32* 
*  WAT::32i 

-at: : 32a 
n at: : 32  7 
•  AT:i.32? 
■  at:  132? 
-at::333 
wat::33l 
watc :332 


REWIND  3 
00  20  C  1  =  1 f  NS 

WHITE  («*33:>  (Q(I*L>*L=1*N0) 

CONTINUE 

WRITE  (9.?°C>  C <I0N(I) *IOv (I I»NIN0< I) tNAXD( I) ) <I=ltN$) 
00  21 :  !=1*NPU*P 

IF  CNPUmP-G’.:  I  WRITE  <4.3*5?)  PJCOE?(!>  £ 

CONTINUE 

CALL  SSCONO  (ENOtlNE) 

C  T  I  ME-  E  NOT  r*»E-3TAT  r«C 

itclo=:tflo*i 


WAT-?  :  333 
« AT: G  334 
-AT:C333 
WATOC  I3i 
WATC  3337 
wAT::3ji 

w  a  t  : :  3 :  =? 

WATCw3-: 
WATG : 34 1 
WATCC342 
WAT: 234 3 


IF  (IPUNP.EG.l)  GO  to  26C 

IF  aT^LO.EQ,:-ANO.:FLOOlS-EG.3)  30  TC  2»: 

IF  I IFL001S*E0.3)  GO  to  2*Z 
IF  (  I‘r',L0#GT.4XFL0lT)  GO  T0  24C 
IF  (NLE3.E0«‘>  GO  to  2fcC 

IF  (  NO!  ACHG'CS*  A,J0.*JPU,-C‘1K  .EG-C-ANO.IGPAO.CG.l  )  GO 
IF  ( IEX.EO.l. ANO*NniACHG*EQ.Ol  *EAO  < M I M * 4 ?G « LNO= 2 73 


■AT3C34* 
UATC  C345 
«Al*;34i 
WATGC347 
wat::34^ 
TO  263  UATCC349 

OQ<  J)  «  J=l .  NWAT:  :  33  / 


LEO) 


WAT. ;35i 


c 

COMPUTE  GRADIENT  FlDw  VECTOR 
C 

CALL  SECOND  (STATTME) 

CALL  eGRAC 

CALL  SECOND  <  END  T  X  ME  > 
CTIMEsCNCTTME-ST ATIME 
TGPATrTGRAT^CTIME 

(>••#*  PERFORM  LCOP  FLOW  CHANGES 

CALL  SECONC  (STATTME) 

CALL  FLOCHG 

CALL  SECOND  (ENOTIMEi 

ct imc*enot inc-statimc 
tflot=tflct»ct  t-e 
WRITE  < MOOT • 4 10 )  NFLOCmG 
24?  I*  < IfLOOIS.LT.E.OR.lFLOSEL.EQ 
CALL  GECONO  (STATIME) 

CALL  flosel 


WA  to: 352 
■  at: : 3*  * 
wat : :35» 
wat:  :  353 
WA  Tv :35a 
WAT: : 357 
UATCC15R 
WATCCJEG 
WATCC36'. 
WAT: ?  361 
WAT G : 3q  2 
WATC : 36 1 
WATO  0364 
UATCS365 

**  UA7CCS66 

u»To: j*t 

w«t:c:6i 

0#.  rrl30i^.E0.»>  -.0  r1  25C  WATCCJ&I 

vat:o37: 

mat:53t: 


>.%  *Blv 
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SUBROUTINE  OtiMCHK 

CO-MON  /BUf-'l./  *160(125)  ,N0<325>  ,0(45,3) 

COMMON  / AM  AT /  AMAT( li: ,275) 

COMMON  /LINK/  Al(45> ,SXCAVF t45>,H*(*5> ,ICLASS(4S) ,LINC0L<45> , 
i(»c),tab<  3:,i ) ,  ion(h5)'»  roxc<»5) 

COMMON  /MINO/  -I NOC  4  5)  _  _  _ 

COMMON  /MAXD/  MAxQ<*5> 

C ^ -MO N  /BASIC/  I3V<325),IPIV(I2E> 

CO-MON  /P„F 12/  DI2C 125) ,  HF  ( 4  5,3) «X ( 325 ) 

CO--CN  /°ATm2/  PPTR(  75)  ,NL0A0C,75) 

COMMON  /NUM8CR/  MXF LOI Tf NS«NUtN-*NVL,NPUMP, NST.NCLASS, NSOURCc 
HE 

COMMON  /MATRIX/  NM*OU3,NMCGLStNMSLACK.NC\<AP$,N3UR0W,MXLPIT 
COMMON  /Cl AM  V/  NOOIAM, CPSPACE* lOMIN, 10-AX 

C"-MO\  /STATUS/  ILPRO^M, IOR Aot lFLOSELf ILP 
CC-»»ON  /Pw  ICE/  PIPACRF  ,PIPEM,STQACRF 


31  AO  COG! 
01  AO  00  02 
01  AO  0  2  03 
NOIAMOIAOOCOA 
01  AO  00  05 
01 AOCOOb 
DIA00337 
01  AO  2009 
014333C9 
Cl ACC01C 
PSCAOIAOCOll 
01 A0Q212 
OIAOOO  13 
DI ACuOl* 
01  AO  C  S 15 
DIAOCOli 


COMMON ' /PR C 3/  Nn£3«NS£atNL£3tNPEG 

CO-MON  /NTIME/  NO  1  AC HG, NPUMCrtK,  NFLOChG,  NRQrPI V 

:C-“ON  /MOUT/  M0UI,MIN 

COMMON  /FLOW/  _'FLOO°  •  ITFLOOP*  ITr  LO 

COMMON  /OPTION/  IFlOOIS, MAXMMiNtrtCRASHtMlNCOST 

COMMON  /!/  Z  _  _ _ _ 

OI-ENCION  D0LJ(5) 

REAL  LMAX,LM1N 
INTEGER  CMIN*JMAx,PPTR 

GRA01 ( AG, AD,AH»)=1C.471 •< { AG/AHW)** 1.852/( A0> ••4.87) 

NO  I  ACHGSu 

DC  1*:  1=1, NS  _ 

IF  (  4L4  *  )  ,lT  .r.1-2)’  GC  TO  142" 

IF  (ION(I) .EO.IOX (I ) )  GO  TO  140 

LMAx=;.=-7 

LMI 1 • £6 

NUM1=LINC3LU  ) 

NUM?=N*JMl«-NOI_AMm-l  _ 

*••••  c  I  NC  7v*£  LINK  3IAM£TER3  .ITH  TmE  LONGEST  (  L  MA  X  /  I  ma  X  l  AND 
AND  SHORTEST  ( LMIN/IMINJNONZERO  PIPE  LENGTHS 


DI A0GC1 7 
DI AS ;;  IQ 
01 A0S019 
31 A0032: 

oi ao::ci 

01 A33G22 
01 A00223 
01 AC2224 
01 A0C325 
01 ACQC2S 
OI  A0CC27 
01*00225 
01  AC  3029 
DI A0C330 
3 1  A3  2  3  31 
01  AO  0 C  32 
DI  A3  0 2  33 
DI AC  C 334 
01  AG  u  3  35 
01  A223  3o 
01  A  C  2  0  3  7 


oo  : :  j = n u m i ,numc 

Ic  (  X(U)  .LT.LMAX)  go  to  1C 
LMAX=X<J> 

IMAX=U-LINC0L< I)*l 

1C  IF  ( *( J) .aT.LMIN.OR.XC J) .LT.l.E-7)  GO  TO  2C 

L  “  I  \  =  X  <  J  ) 

|M:nsj-lINC2L( I ) *t 


oi as :: 33 
01  AC  0  3  39 
01 A3C34C 
01 A00041 
01  A3  2  342 
01 A33C43 
oi  ao  :s*»4 
01 A00°45 


CONTINUE 

0  m I N  =  I N  T ( 3 (  I, I  MIN)) 
3MA  XSIN  r ( 0(  I .  IMAX ) ) 


di  A3 :: 46 
Oi  A30247 
01 A300*8 
DI  A3C >7 
OI AC335C 
OI A30Q51 
0  I  AS  0  0  52 
DI AC  3053 
91 ACC054 
01*30055 
OI A32356 
OI A00057 

IF  <3max.£S.IDm:n«OR.ONAX.EQ.XOMAX.9R.DNAX.l2.M!N3(I>«OR.OMAX,EOI4Q::5& 
1  3  • M  A  X  0  (  1)  )  s/0  TO  u;  0IA0325S 

OI A00060 

•  CASE  III  SINGLE  DIAMETER  NOT  AT  IDN(I)  OR  INX(I)  OIAQOQttl 


V1CC  r  0°  MA  7  <  •  IMIN=.,I3**  IMAX=*,I3> 

T  40ITE(MOjT,13;>  imin.imax 
C*sr  I  LONGEST* SHORTEST  LENGTH  PIPES  HAVE  UNEQUAL  DIAMETERS 

IF  ( DM t  N«  NC • UMAX )  GO  TO  142 

CASE  II  S I  NGlE  OUMETER  AT  IOMIN  OK  IOMAX 
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c-* 

c 


IF  C0MAH.«|£.IDN<I>.4N0.0HAX.NE.:3*<  I»  )  G  0  TO  1*G 
CASE  III  SlNGcE  DIAMETER  '.OUAL  TO  I  ON  ( I  >  OR  IDX(I) 


0  I  Ag  0  C  o2 
OIAOOObJ 

oi  aoc:©* 

01 A0CG65 

_  _  Oi  AO  Q  G  oo 

IF  (DMA*. £3.  10  «(  r>.AN0.-AX«P.IN.£3.1.AN0“  2‘.GT.i.£3  .  A NO .ZFL OOP* L7 0  I  AO C C  o 7 

01  AO  0  366 
oi ao:;*9 

jiaocit: 
oi accoti 

01 A0007Z 
OI A00073 

or  ao::  7* 


•  1  •  £  A  )  GO  TO  l'*- 
00  ! C  *il  ,NC  I  A.1<  I  ) 

OOLOtK ) =&C I  .* ) 

CONTINUE 
nds  n  o  i  a  m  1 1 

'CO  =  OPSP AC£*PtOAT  < NO!  AH(  I  ) » 

nchosc 


s 

Si 


9C 


co  ■>:  asi«noiar(Z>  oiaqc:75 

OSCSOC  I  )  *00  3IA0CC7*. 

if  c omax.c^* ioxc : )  >  go"  tc  ac  ouoccr/ 

coooc i.m-oo  ^  o;a;:o7a 

IF  '(  INF  (  DCO»  *GE.  I  3MI\*  AND".  I  NT  (ODD)  .GO  •  I  ON  ( I  )  -  (  N°0 1  A  «- 2  >  -  :*aT<  3IAC007- 
j?3®aCE>*aN0.INT< jOO>*&E.mind< in  GO  TO  5:  OIa;:;*; 

go  T o  «c  '  oiAgccai 

IF  (  INT(000) .LE. rO^AX. AND. I N T ( OOD ) .g E . I  OX < I )♦( NPjI AM-2 >  •  l  N  T  (  OX  AC C  C* ? 
""""  35SPACE)«ANJ«INr<00C)  *l£*hAXO(  I  )  )  GO  TO  50  01A3CC9: 

go  t  )  g:  __  __  _  oiaoccs* 

NCHG-NCHu» l  ’  "  ’  "  OIAC5G05 

DCI.KJsOOD  _  _  oiacc:«g 

'CONTINUE  "  '  01*33387 

IF  (  OMAX*N£«  I  OX  (  I  )  >  NCHGs-NCHG  __  3IAGCC8b 

DIACC389 

WRITE  (MOOT  *115)  I*  IONC  D.IDXCI  )  •  (  (  K  .  OQLOC  K  )  ),K=l,NO)  31 A30 191 

form&m*  link**:1,*  ion=*  *  1 3*  •  idx  =  •  *  13, 5(  •  (cold  <  •  •  1 3*  •  >5*  *F5.or  aoc  :  ?: 

oi ac::92 

"  IONC I)  =  ION( I ) ♦NCMG* I N T (OPSP ACE • DO/ Ad 3 ( 00 )V  01*03393 

IOXC I)=10X< I>*NCHG- INTtOPSPACE«OO/A0Sf 00))  0IA0C39* 

OIAC339* 

-A  TT;  (NOjT  t  Ii:  )  I*  lONt  l  )  .10*  ci  )  •(  CK  ,Q(  I  ,K)  )  *Krl  *N0  )  OI  AOC  J9‘, 

o  Foai«tr(»  Link-*  is. •  ‘ions*,  I3f  iox  =  -,i3*5c-one«(«*I3.*)s-.f5.o:a3g:97 

01430398 

NC  I  ACh^sNJI  ACHG*i  CIA33C95 

DO  11 :  11=1. nPE  j  _  „  0 1  AC  ?  i  3  3 

12=  NL  0  A  J ( II)  OI A3  C 1 31 

JO  71  J=I  ABS(PPTR{  II  "-i*lA9S(PPTR(_II))*N0(IA8S(PPTR(  ID  )  )  OIAC313C 
L=lA3iCNJ(JI)  -----  -  QIAC3101 

IF  U«£G«X>  GO  TO  80  _  OI A3  C 1 0* 

CONTINUE  OIACClCi 

GO  TO  li;  0IACC136 

"  SN=FcOAT ( l/NJ< J) )  *  0IA33.CT 

IF  {  A9SC  GC  I  *13)  )  *GT*l*s.-2  >  SN-r  U  OAT  (  l/NOC  J )  J-OU.IO/ABGlGCDlAOOiCS 
.10) »  ‘  OIA0C1C9 

NJN1=LINCGL<  I)  ______  _  31430113 

NUM^sl.  I  NCOL  C  I >  *N J I  A  M  < I ) - 1  ~  OI  AOC  111 

Ills'  __  _  diac:u2 

DO  100  NUMSNUHI.NUM2  0IACC113 

_  i;i  =  i 1 1 ♦  i  _ _  oiacci : « 

lr  <A3GC0ui.DC  I  III-OU  •  I II)  >.LT*  i.E-7)  GC  TO  ICC  0IA3C115 

IF  { IdV(NUW)-GT.:>  IPIVC IBVCNUM)  )  =  1  .OIA0311* 

sfROLi/SbR  *01  C  *4 S ( Q f  I  .10)  ) .  DOL.U  C  I  II )  «H  W  C I  )  )*PSCAl£  0IA0C117 

__G*NE«=GRA31  (AAS(G(1.I2)).0U*III).HW(I)  >«P$CALf  OI  AQC1 19 

0£L3(GRNEw-GR0LD)*SN  0IA0C119 

_  I  AR  T  s_n  j  v  *R  S^NNSl.  ACKjT  1 1 _ . _  .  _  01*02120 

00  9J  IR0-=1.NHR0*S'  ~  0IACQ121 

AM A  T  C 1  ROW. NUN I  =  A  MA  T  < I R 0* . NUM ) - A MA T ( I  ROW. IART)-0£L  01  AO  3 1 22 

CONTINUE  0 1 AO  J 12  5 


I  L 
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CONTINUE  0 1  AO  C 1 24 

CON  T I  Nut  ~  0IA0C125 

IART=NUVA83»NMSLACK*N3UH0«  01  AO  0 126 

Hl-r  OIAOC127 

00  130  NUH*NU«t*NU*2 _ _  .  _ _  _  01*00129 

OIA00129 

IF  < A83C00C0( I  II >-0C I 1 1 1 1 ) >.LT. 1 .£-? )  GO  TO  130  DIA0013C 

!3=rNTO(  r  .III  »>  01  AO  C  1  31 

aco^Dspr^Ac** •  (tabunt (ooloc  ;  n i  > * i )»cacawf u>  >*<>iPt-*OGLO(  101  ao :  i  32 
"  II)/ 52 9?*  01*001 33 

nCNr-  =  PIDAC8F-<rA8<I0«l»*CXCAVF(I))*oiPC**»PL0ATc:0)/*29C.  01  AC  *  1  3* 


0£L=<iCN£--dC3L0 
30  :2C  IkOm- 1 •NMRO-S 

A1A  n  I  f»Om  » NU*  »2A*»AT<IROW*NuN)*AN&T{IftO-«IA8T)»Oi;L 
CONTI NJt 
CCNT  inj-: 

contin.*:  __  .  ...  _ 

ip  (NCIACmj*GT  •  »  Upe08*^  =  ; 

Rf.TUR‘; 


01*3:133 
ji a:o.36 
:i iz  : 1 37 
0: ao c: 3* 
c  1  aj  :  1 3  9 

oi*;:i4 

: r  ac : 1 ^ i 
0 1  a  : :  1  ♦  2 

C I AQ  C 1 4  5 
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SUBROUTINE  FGPAO  FGR0CCG1 

COMMON  /au^il/  0(45*41  *I8C(  125>  •  NOC  325  )•  3(*5*3)  FSRCCCC2 

COMMON  /INTER/  EQPTR C 75  )*LCOM(  325)  FGRCCG03 

COMMON  /£3/  IME0(3>*I3-:G<  3>tlL£Q<2)«NQH-:0(3)*NQL£3(3>  *NGS£0(3>  FGRC2004 

COMMON  /Oft TH2/  PPT« ( 75 > *NLOAD( 75 )  FGRGCC;5 

CO  “MO*  /LINK/  AL( **  >  *EXCAtfF( 45>  *h*<  45 )  •  I  CL  ASS  (4  5  )  .LINCOL  <  45  >  *  *0  I AMFGRC  £  C  C  S 


1(»5>|T4S(3C*1>*10N(45) «IDX(45) 

COMMON  /B'JF  12/  P  IZU25  )«MF(45*  3)  *XC  325) 

CO “MON  /FUOA/  CQ(4* ) » GQ(45 > *  ALFA ( 3 ) 

COMMON  /2P*N/  2  PE  N ( 3 ) 

COMMON  /  GP  AO/  r*UC=»  ICG^  I3FGS.  S2“CCST.G3MprR,  aLpMAf  :ai_p.  ICRIT 
CO““ON  fZf  z 

COMMON  /MOUT/  MOUTfMIN 

CO“MO.\  /STATUS/  INFORM,  IG*AD*  IFLOSEL.  IL3 

COMMON  /OPTION/  !FLaai$«MAxwMlN*MCRASM,MtNCOST 
COMMON  /Ofi£3/  NH£G*NS'G*NL£ G*NP£G 


FGRCG0C7 
eG»C- C5  0-S 

fgr;;cg-9 

FGRCG-i: 

fgp 

FGs:::i2 
fgrgcoi: 
fga: "ci* 

fgr:;::5 
fgr  ; l-j 


CO  “MON  /NUK3£S  /  “'<FLOIT*NS*NJ*nG,NVL.  N3U“P  t  NO  T  ,  NC  L  ASS  *  NS  OURC  l  •  P  SC  AFG»  C  CC  1  ’ 


1LE 

COMMON  /cLOV /  2CLOOP,ITFLOOP» ITFLO 
CO“MON  /IEX/  rex 
C0“MON  /NNORM/  NNHPM 


F  GP  C  C  0  1  5 
FGP  C  C  G  11 

cgp: : :c; 

FGRCC321 


0 1  mf\3  r  ON  G2X  (  4  5  )  t  GNX(3>*  GZ(45)«  0300(45)*  G2L<45>.  001.0(45)*  GZF  GRC  C  G22 


1 OL  0 ( 4  5 )  *  !’(45) 

INTEGER  p£ G«P9TR trOPTP 

GPA01 ( AG.A0«AC>=1C.4  71*< t  A 3/ AC ) • • 1.352/ ( AO) ••4.3  7) 
►  COMPUTATION  OF  M£fto  LOSS  FLO*  PATIOS 


:G°fto=: 

oo  a:  i s 1 1 ns 

I!=LlMCOL(t >-I 
00  1 :  J=1*NQ 
hf<  i  ,jn:. 

continue 

00  3?  U=1*N0IAM(I) 

I  IS  I !♦! 

00  2C  L=1.N0 

MM=&P  A  o;  (  A8S  (KTtU).3(I.J).HM(ln*X(II) 

MF<  I  , L  >=MF( I , L>*hm 
CONTINUE 

CONT INUF 
ONTINUE 

F  C\LE3.*:i-C.0P.I“X.£G.l  )  GO  TO  21C 
(ITF'wGmGT,2»  ANO  •  I C-3  •  L  C  •  1  )  GC  TO  3  ' 

0<-  5:  Isl.NLEO 

3  0  L  0  (  I)  —  j» 

gzolo<i  >  =  ;. 

T ( T )SG. 

CONTINUE 

ZLASTsZ 

LOOP* 

G“AX*  . 

co  14:  l=:.nc 

if  (nolfocl ) *ca.o >  go  ro  ia: 

I  CSC 

IF  <  lCRIT.Ca.l.ANO.A0S(2P£N<L) ),Lr.i.£lO-ANO.L.3T.l)  ICs; 
GMX<L)s: . 

►COMPUTE  GRADIENTS  4NC  FlOm  CHANGES  IN  LOOPS 


fgr:::23 

fgpcc:24 

fg»::::5 

F  GP l Z C2S 
FGR  C  C  0  C  7 
FGRCCCCS 
FGRCCC2  7 
fgrc::  3i- 
fgp;:;3i 
FGRCGC32 
fgr  c  r  0  3  3 
FG«C :C34 
fgr;;c35 
fgr:::2» 
fgr:::37 
FGR . C  C  3  S 
FGRwCC  Zi 
f  gr  g  : :  4 
fgr: :G4i 
fgr: r : 4; 
fgp: j 

F  3R 110  4  4 

fgr*.  ::  as 

FGRCC04, 

fgr: :C4T 
fgr: ;g4p 

FGRC;C49 
FGRCCC5 j 
fgr:::** 
FGRC0C32 
FOR  C  C  C5  3 
FGRCCC54 
FGR  0  C  053 
FGRCGC53 

f  gr  c : :  5  7 
FGRC0053 
FGR3C0S1 

fgrccos:- 

FGROCOGl 


i 


00  12; 


EQs I  LEO (U ,ILEQ(L)*N0LE3<L)-l 


LOOPs  LOOP* 1 

FGRCCC62 

DO ( LOOP >  s  C • 

FGRGCG63 

GZ(LOOP)s;. 

FGR0CG64 

32L f  L  OOP  >  s  C • 

FGR0C0G5 

. 

GZX<  LOOP) sC • 

F  GR  C  C  C  6  h 

D30Q(  LOOP  )  St**.  • 

FGRCC067 

—  •  -  •  -  - 

-IF  ( MAX  UN  IN. EQ. 1  - ANO.L.LE .NNORM 

•  AND 

.ICRIT.EO.I)  so  TO 

130  cGR:CC63 

TF  (INTER. EG. 0)  GO  TO  IOC 

FGR3C369 

c 

FGRGOO  72 

c 

S  UR  ITE(N0UT,2CC )L. LOOP 

FGRC  3071 

r  _ 

*200  FORMAT (2CX«#  LOADING  NO.  -*I2** 

LOOP 

NO.** 13* 

FGROC: 72 

C 

X  1  /*•  PEG  LINK  0  HF 

SN 

DOOBX  2 JAL 

GZXFGR02C73 

C*... 

•  COMPUTE  GRADIENT  INTERACTION  COMPONENT 

FgR  0  C  G  7 * 

c 

FGRCCG7? 

- 

I?  ( EGPTo<LCDP) . EG. : >  GO  TO  103 

FGROC : 73 

KsEGPTR (LOOP )*1 

FGROC 077 

— 

00  I  =  ULCOM(EOPTR(  LOOP)  > 

FGRC GO  73 

°EQ=  LC  DM  <  K  ) 

FGRCCC7? 

— 

IF  (=>ra.ur.o)  GO  TO  RO 

FGR  0  G09  j 

Ir  < IC.EO.I.ANO.PEO.GT.NHEO) 

GO 

to  3: 

FGRC  CC  81 

IF  ( ABS(PIZ<PEQ> > .LT. l.E-20> 

30 

to  a: 

FGRC  C ' 92 

OC  1-  jri ,LC0N(K*1 ) 

fgr:o:s3 

...  . . 

KKsIAB3(LC0M(K*J*i ) ) 

FGR00G8A 

TF  (A3S<0( KK«L) ).LT.1.E-T)  GO 

TO  7: 

F5RC:0b5 

D30QXSHF (KK  *L ) / AB3( Q(KK*L> ) 

FGRCCOab 

GZ*<uooP)=oaoaK*Pi2(P£3> 

fgrl:ob7 

-  •  c  — 

F5RCC083 

c  * 

C - *2  2* 


«a IT  £ { MOU T  *20  K ) PE  G*  KK  »G(KK*L> *hF C KK ,L ) *$N «0893X *PIZ ( PEO > *GZX ( FGRC C 089 
FORMAT ( 2I3*2X*2F7 .2 ♦**. I * 3G U *4 >  FGRGOGS: 

fgrcco9: 
FGR0G092 
FGa:CC93 
FSRCO‘9* 


-  CONTINUE 

*sK*LC0M(K*1>*2 

CONTINUE 


IF  (TC.EQ.l)  GO  TO  12G 


i?: 


DO 

)  ) 


FGRC  C  C  9* 

c -  -  fgrc::93 

. .  LOOP  GRADIENT  COMPONENT  PGR:C097 

-C-  -  FGRCCS93 

i 1 C  J=IAR3CPPTR( LEO) )^l*I4flS(°PT? (LEO )*NO(I A9S(PPTR(LEQ)F5RC  Z2  9i 

fgrccic ; 

KK=I AH3(N0( J) ) 

-  - -  IF  (A8S(Q(KK*L)>.LT.l.E-7>  GO  TO  110 

0900(L00D)=D9DQ(  LOOP > * HP ( KK « L > / A0S (Q( KK*L>  > 

11C  CONTINUE 

GZ  L  (  LOOP  )=AH3(  0*3  DO  (LOOP)  )  ♦PIZ(LE')) 
l’C  r*Z(LOOP)=GZX<LOOP)^GZL<LOOP) 

IF  ( ABS<G2(L00PJ  > .GT.GNX(L)  >  GM<  (L )sA63(GZ (LOOP)  ) 

13"  CONTINUE 

IF  ( ABS (GNX (L > > .GT. GMAX  )  G* A X=A3S ( GNX ( L ) ) 

i*:  continue 


c 

C 


NICG=; 

<1=1 
K2=3 
K3  =  NLEG 

CHCCK  FOR  RESTART  OF  CONJUGATE  GRADIENT 

if  ( icg.eo.o -.OR.tTFLO.Ea.::>  nxcg=i 

IF  (ZLAST.GT.1.E9. AND. Z.L T. 1 .E 9 >  NICGsl 
IF  (ZLAST.LT.l .E9.AN0.Z.6T.1.E9)  NICGsl 
ZLASTsZ 
00  l?C  L«l,Kl 

IF  (NICG.EQ.l)  GO  TO  1  TO 


FORGO 101 
FGR0G1C2 
FGR0C1C2 
FGROC 10* 

fgrccic  : 

FGR-  :i:-» 
F3RC:iC  T 
F3RCC1C3 
FGRLC139 
FGROCllu 
FGROClll 
FGRCC112 
PGRCOin 

FGROOHA 
FGRCC115 
FGROClla 
FGR0C11T 
FGRC  3119 
FGRC C119 
FGRGC122 
FGR3C12: 
F6RC0122 
FGR0C123 


1 

1 

31 


*:■  n»imy  iiifu  ii  \  u  n 


a*:* aaw^^at-- - 
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COMPUTE  CONJUGATE  GRAOIENT 

bctan=: • 

8£T  AOs  * • 

00  ;5C  K=K2*Ki 

y (k)sgzck>-gzolock) 

GZOLO<K)=GZ(m> 

»CT ANsflCT  AN* T ( K ) • GZ (K  ) 

PS T AC  =  a£T AO* YCK  > • GOLD  (  K  > 

CONTINUE 

3ETAN=8E TAN/ 3£  TAO 
gnax*: . 

WRITE  (MOUT«232) 

00  ISO  k=K2«<3 

GZ  (K>=GZ(K)-3ET  AN*OOLO<K) 

IP  ( AflS(GZ(K ) > *GT.G“AX)  5HAX=46SC 3Z< K) > 

•  PIT-;  <*0UT*2*:i  K  .L  .8£T  an.OOLO(K)  tGZ(K) 
CONTINUE 

COMPUTE  PLOW  CHANGE 


:  WRITS  (MOUT,250I  L*K1*K2*KJ* ILEOCL  > 

oo  ia:  k = k z * 3 

00«K)  =  ALPA(L)«GZ<K  )/ghax 
OOLO(K)=GZ(K) 

GZOLOtK  )  =  PLOATCNICG»-GZC«:  )*<;--PLOATCNICG)  >-SZOlO(K> 

:  continue 

■■  CONTINUE 

write  (M0UT.22O 

00  2::  L00P=1 ,NLEG 

WRIT-  C-0UT,2S:»  LOOP*?I2d.OOP*NHEO*NSEG) *D80Q(L0Q°> 1 3Z  X ( LOC 
l  GZL<LCGP>.GZUOOP>*3Q<LOOP> 

C  CONTINU' 

;  continue 

RETURN 

:  POONA*  ( //^Xt’SHlNTERNEOI  ATE  RESULTS  FOR  COMPUTING  GRADIENTS  Afi 

i low  changes  in  lod°s  for  next  major  iteration./sx^tmloop  oual 

:  0e<L00°)  G( INTER)  GCL00P»  Ge  AO  PLOW  CHfl 

:> 

*  FORMAT  (37h  LOOP  LOAO  8ET A  OSLO  DNEw) 

PO-MAT  <2IS«3GiZ.A) 

p  0 0  M  A  T  <;>•  L=*I3f**  <:=»I3»AH  <2s*:3.ah  K3=«I3tPH  ILS0(L»3,I2> 

format  <  i%3g;:.**fio*2> 


FGROCl 

PGRCG1 

FGRGCi 

PGRCC1 

FGROCl 

pgroc; 

PGR0G1 
P  GRu  C  I 
PGRG31 
PGRG01 
FGROJI 
PGR  501 
FGROCl 
FGRC-l 
PGR  C  Z 1 
F SRC  C  1 
PGR wC  1 

pgr::i 

PGR  C  C  1 

F  o  R  0  »p  1 

FGR  TCI 
P SRC  31 

pgr:  :i 

FGRCTl 

fgrs:i 

FGRGCI 

GZOLO(K)  FGRGG1 

FGRCG1 

fgrc:; 

FGRC2I 

FGRCU 

Loo®) »gzx<loop>,fgr::  i 

FGROCl 
PGR  C  C 1 

pgr  cl: 

FGROCl 

FGROCl 

GRADIENTS  ANO  PF3RC:i 
27HLOOP  DUAL  FGR001 

flow  changefgr::i 

PGROC 1 


SUBROUTINE  FLOCHG  FLOCICd 

TRACE  STATEMENT  NUMBERS  FL000002 

COMMON  /BUFU/  0  (  45,*  >  .I9C  (123  >  ,NO<  3  25)  ,Q<  *5,  3  >  FLO:CCQT 

COMMON  /ANAT/  AMAM  UC  *275)  FLOCCCO* 

CO— ON  /EQ/  IM£Q(  J),ISEOC3),I5.£3(3>»NOMEOc;».NCLE3(3)  .NGS£Q<3)  FLS:;CC3 
COMMON  /PATH2/  PPT«( 75) »NLOAO( 75>  FLOOCCCa 

COMMON  /LINK/  AL( 4* ) ♦  E  XC A  VF ( *5) ,HWC  A  5) ♦ ICLASSC  A5)  • LI NCOL( ♦* ) • NO IA-FLOC ? C C 7 
l (*5> • T AMC3r • l >• 2DN<«5>  1 1  OX (45)  F LOO  j COB 

CO-MON  /BASIC/  IBV(325 ) , IPIV< 125)  eLCCC0C* 

COMMON  /FLOA/  00<a5 >*00Ca5>, ALFA<3)  FLOOOOi; 

COMMON  /NUMBER/  MXFLOI  T ,  N5,  N  J.  NC  •  NVL  •  NP’JMo,  *$t  ,  NCL  ASS  . N SOUR CE  *P 2C  4FLO 0  :  C  1 1 
1LE  FLOC CC 12 

COMMON  /STATUS/  Il°FORM,  ISRAO,  IFLCSEL.  il°  flo:o:i* 

COMMON  /NT  IMS/  NGIACHG*NPUMCM*<«NPLOCMGtNROWPlV  FLCC0C1* 

COMMON  /op-Q/  Nhc0*N3EQ*NLE0t NPEO  FLOGCC13 

CG-MON  /MOUT/  MOU  T,  M  I  N  FLOCCCla 

CC-MCN  /MATRIX/  NMPOWS«NMCOLS» ‘.'MSL4C<iNOVA«S.LrtUROJ*MXLP:T  FLOC?:!' 

COMMON  /QRATIO/  QPATIO  FLOo::ia 

CO-MON  /Z/  Z  FLOv.  C C  1  * 

integer  pp-r  FLoc::2j 

GR  401 (A7*A0*AC)  =  I?«a71*  C  <AQ/AC)*-I*352/( AC )  •  •  a  •  3  7  )  FLOC0C21 

-  NFLCCMSsn  r LOC  u  022 

LE  ONO=  NPEO-NLEO* i  FLCCC:23 

:  OOMINsORAT io* ALPA(NLOAO<LE3NO) )  FLO&:02- 


COMMON  /STATUS/  IL°F0RM*  I", RAOt  IFLCSEL.  IL°  FL0:CC1! 

COMMON  /NT  IMS/  NO  !  A  CHG  .  NPU  MCH<< «  NFLOCmG.NROWP  I  V  FLCC0C1* 

CO-MON  /op-Q/  NhEG.NSEO.NLEO.NPEO  FL0C.CC13 

CC-MON  /-OUT/  MOUT.MIN  P  L  0  C  •-  C  1  a 

CO-MON  /MATRIX/  NMP0WS»NMC0LS*N-SL4C<iN3V6RStNMUR JJ.MXLPIT  FLOC:0!' 

-  COMMON  /GRATIQ/  QPATIO  FLDGCCl* 

CO-MON  /Z/  Z  FLOv.  C C  1  * 

-  INTEGER  PP-R  FLGC::2j 

GR 401(40. AO. AC)  =  i:.47l*(<AQ/ AC )••!. 352/C  AC )••*. 37)  FLOC0C21 

NFLCC-Ssn  F LOC  0  022 

leono=npeo-nleo*i  FLCC0:2J 

i:  oominsorat io* alpa(nloao<leqno> »  FLO&osa* 

IP  ( IFLOSEL.EG.: .ANO.ABS(OaCLESNO-NLEQ-NPEO)).LT.aQMlN)  GO  TO  SO  FL0CCC25 

nplocmgsnplocmg^;  flo:oc23 

I L  DFOR  Ms  2  FL0CCC27 

- 1G=NLOAO<LEONO)  FLOC,  w  G  23 

plo:c:2? 

•  ••-CHANGE -PLONS  IN  LOOBS.  AND  update  the  MATRrx  FLOO  GO  3  j 

flo:::3i 

-00  80  U=IA«S(PPT«(LE0N0))-!  .  IABS(BPTR(LE0N0)  )-N0(  IA3S(PPTR<LE0N0)  )FLOOCC32 
l)  FLOG  2  C  3  3 

--  -  L  =  I *BS<NO( J)  )  F LOO  0  0  3^ 

num:=lincol<l)  plo;::35 

NUM2=LlNCCL(L)*N0r AM(L )-i  FLO.'CCSE 

flo: ::3? 

••••  FINO  OASIC  VARIABLES  F0«  loop  LINKS  FL01C:33 

FLOC  :C3  ) 

-  00  20  I=NUM1.NUM2  PLOOCOa: 

if  c  ibvmi ).S7.;>  i°i  v<  ibv(  n  )si  floc:cai 

3-:  -continue  floccoa; 

OOLO=0(L,IC)  floc*;*: 

sn=float<  no*  j) / i  aps  <  no<  j > >  >  flOl ** 

0(L«  IQ)  -0  CL*  IG)O3(LC0N0-NP£0*NLE3>*SN  PLOCC C*5 

FLOC C 046 

S  WqITE(mq\jt  ,a5>Q0Lu,L.IQ*QtL*IQ>  •  3N  ,30  (  LE  QNO-N»EO  *NLE  0 )  FLOC  T  C  A  7 

%  -*5  PORMATC*  Q0L0P»fGI5.A**O<  •  *  12  »  * •  •  •  12  »  •  >  *•  •  Gl 5  »4  •  •SN2«,F3*j  .•QFLOOCOAB 
*  1  $15. a)  FL0CCCA9 

floccc;: 

IF  (Q0L0»0<LtIQ).L£.:. )  KPITE  (N0UT.13;>  L*IQ  FLOOCG5I 

007:  I 13IHE0< IG),ILEO< IO)*NOL£QC 10 >-l  Fl00C052 

IP  <NLOAO< II ).NE. IQ)  GO  TO  7t  FLOCCCSS 


IF  (Q0L0»0<LtIQ).L£.:. )  KPITE  (NOgT.13;)  L*IQ 
00  7:  I  13IHEQ< IG),ILEQ( IO)*NQL£QC 10 >-l 
IP  <NLOAO<II).NE.IQ)  GO  TO  7t 


00  3C  JJslABS<P°TRUr))-l,IAdS(OPTRf  II)  >-*NOCIAS$(PPTP<II)>)  FLOCOC5A 
IF  (L.EC.  I  ABS(NO{  JJ)  >  )  GC  TO  Aj  F|»OOCC*5 

CONTINUE  FLOCOC5G 

GO  TO  7C  FL000057 

CINKsURS  <NO<JU)  )  FLOCOCS9 

SNlsFLOAT CNO( JUI/LINK)  FLOCCCS? 

SN2*$N1  flooocg: 

IF  f  A8S<Q<L.1Q)  )  .3T.1.P-7)  SN22SNl.Q<L,IQ)/A-3S(Q(L»IQ)  )  FL0C2C61 


I F  (  40S(QOCD).GT.:.“-7)  SN1=SN1*10LQ/ABS( qolo> 
la=: 

00  = :  NUMsNU^l* NUM2 
LASLA*: 

G»0L0=GfiADl <  A6SC00L0)  f  0(L*LA)  «Hil(Ln  •  SN1*PSCAlE 
3AN^wsGRACHA«S(0<L*:3)>.0<L.LA)*hw{L)  >  •  SN2«s>$CAL£ 
0FL=GR*cW-GR0L0 
:i«tsnova»s*n«slack*i: 

»  J3C4TC  COCFMCICNT  HATRI* 

00  3!  t»sl,N“ROW$ 

AN4T  <1*  fNUH  >*AWAT<  I  R  *N»J»l>OFL*  A*A  T(  IR  ,  I  ART) 

CONTINUE 

CONTINUE 

co  nt  inuc 

CONTINUE 

OCf  L£  iN0-NP£0»NL£C> s  GO<L£  7N0-NP£G*NL£  3)03  <LE  GN0-NP£3*NL£  J  ) 
CONTINUE 

00<L*  (?NO-NPFQ*NL£ c  »  =  :. 

L'  •NO*C£CNO*l 

:c  ( l£cno.l£ -noto )  go  to  . : 
iflos*:l=w 

RETURN 

FOaH»t  (/!'X*20H  FLOW  DIRECTION  OF  LlNK.TGilOM  IN  uOAC  *20. 

l  Chang co  oiaection> 

c  WO 


flo;:06C 

RL0SCC63 

flo  o o  06* 

FLOC  0 C 65 
FLOCOCfea 
PL0CC067 
FLOCCOtS 
FL0CCC6 1 
FLOG  GOT? 

floo::?i 

FlOC  2  Cp  7  2 

flog::?: 
flo-  :0  7* 
floo:o7‘j 
FLOG  CC  7G 
FLOG  C . 77 
FL0CCC7i 

flo G  c  c 7? 

FLOC:2«3 

flo:: :«i 

CL0  j  C  CS i 
flo;c:83 
FLOc^ca* 
FLOC  C C  5  i 
F LOOOOaa 
u. x8mflo:c:®7 
FLOOCGaa 
FL0CCC89 
r LO i w  G  9 : 
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SUBROUTINE  PLObEL  PL000001 

TRACE  SUBSCRIPT-^  -  -  -  -  -  FLOOOQC2 

trace  statement  njmhe°s  FLOO  0  00  3 

.  COMMON  /11UF11/  U(  *5.  a  I  8Cl  i-25-)  *NO(325>  *0(45«SJ  -  FLOOOOOA 

COMMON  /E3/  IM&0(3)« I^£0(3) ,  I LE G ( 3 > • NOME Q( 3 > • NGlEQ ( 3 > * NQSEQ< 3 >  FL03CQ05 
COMMON  /PATM2/  PPTR< 73) *NLOAQ( 75>  FL003036 

COMMON  /LINK/  ALIA5.)  *EXCAVF<  a  5  I  •  My  <  A  5  )  ,  I  CL  A  SS  (  a  5  >  •  L INCOL  (  A  5 )  •  NO  I ANFLOQ  00C  7 
1( AS) «TAS(33ti)«ION(A5)«IOX(AS)  -  FLC00C03 

COMMON  /ROF12/  RUC25)  *HF(A5*3)  •X<325  )  FL000009 

.  COMMON  yP-OA/  0uIAS)*C0Ca5)*^LFJU-3).  _ . —  FLOOOOIC 

COMMON  /MOUT/  MOUT.MIN  FL00001I 

COMMON  /STATUS/  ILPP09M* ISAAC* IFLO SdL  • ILF  FLOOCCI2 

COMMON  /ma^OT/  “xhCI T.hDEVmx  PLOOCC13 

COMMON  /FREQ/  NH£  2 • N  SC  G •  NL  S  G  •  N  P  E  S  FLC0  30  IA 

COMMON  /NJM9£R/  MXcLOI T,NStNJ*N2f NVLfNPUMP, NSf tNCL ASS«NS0URC£*PSCAFL0::C 15 


CO M MON  /NNORM/  NNORM 

COMMON  /OPTION/  IFL30;S«MAJ(yMIN«MCaASH«MINC0Sr 
DIMENSION  U(A:» 

LNT  EG£?.  PPTR 

sr  a oi  r  ao* a j» ♦  7:  •  <  as/ ah) ••1.353  /  (ao»*a.87> 

-  IFLOSEL  =  C_  —  -  -  -  - - 

JO  1C  i  =  1 » NLlS 

OOCI )=S.  _  -  -  -------- 

S  CONTINUE 

30  ICC  J=i*NO 

IF  ( NQLEQ ( U) .EC.C )  30  TO  ICC 
.  IF  (  IF^JOI  A.Ea-a.ANC-J.XiT.NNORM.)  GO  TO  IOC. 


£*••*•  STORE  INITIAL  FLO.  DISTRIBUTION  FOR  LOAOING 
C 

.  .  DC  2Q.-Lrl.NS  ------ 

o: (L)sOIL. J) 

c:  _CON TIN-. £  - -  .  -  ..... 

c.***.  PLRcOFM  HARJT-CROSS  NETWORK  BALANCE 

00  fi:  tlsifMAHSlT 
..MAX=«99?9. 

. .  CALCULATE  head  losses  and  ME  AO  LOSS/FLO.  RATIOS 

' c  * ;  1  =  1 • n  s 

Hr  (  I  • J )  =  1  • 

CJ  1.  l=i*noi a*< I ) 


FLOOOOlb 
FL30CC17 
FLOOCCiS 
PLOOOCIB 
FLO  0  Q  3  20 

flooo:2i 
FLOCC322 
FLOC002: 
FL30  C  22a 
FL000025 
FLOO  0  0  26 
FLOOOC27 
FLOOCOC6 
FLOOCC29 
FL000C30 
FL03C031 
FLOO C  0  32 
F  LQC C  *  33 
flooo: 3a 
FL0CCC35 
FLOOOC36 
FLOOCCI? 

Flo  o  c  o  36 
flo  o : c  39 
flocccac 
floocoai 
fljcoga: 

FLOC vC  as 
FLOCCSAA 
r  LOCOCA5 


HF  C  I  t*|)s  MFC  I  *  J)*&RAC1  (  ABS(  01  (I))«C(l»L)«M.iI>)*X  C L 1 NC J FLOC  C  C A* 
LllJ*L-l>  FLOO  C  0  A  7 

CONTINUE  FLOCOCAb 

CONTlNuI  FLOOC2AR 

:c  7 S  M  =  IuEClU)*XLEOt J)^N1LCGCU)-1  FLOCOC5C 

HOE^=  .  FLOCOCwl 

c_ri=: .  _  ..  flo:;:c: 

ZJ  z:  U  =  I A9S(  PPTR< M) )•: ,1 A3S( PPTR< N) )*N0( IA8S(PPTR< M> ) )  FlOSCOSJ 
LINK=IA8SCN0(L> >  FLOOOOSA 

IF  ( AOSIOHLINK)  )*LT.l.E-7)  GO  TO  50  FL002Q5* 

£«•«  ~L0A  T  ( .%0(  L>  /l  INK  I  *9  2  (LINK  ) / A  8Sf  Cl  CLINK)  >  FLSJuOSi 

HO EV SHOE  wa3N*MF  <  LINK  *U )  FLO 0  00 5 7 

3£RC±C- R  1*  1-*4S2  *HF  ( Li NK «J)/AUS<£1  (LINK  ) )  FLJ00C5- 

C JNTINJE  FLC0C059 

fchg='Hqcj/o:ri  flooccwc 

0  3(*-NHES-NS-;S)s03<M-NMES-NSEQ)»FCHG  FLOCOOoI 


L 


|i  n  n  n  n 
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. LOOPsP-NGEO-NHEO-  - 

S  .  *SIT£lMOUT*C20)«*4.aOP,f  CHG*OC(U00PJ«rtOew 
*C’0  FGAMAM*  £  u*  LCGP  NO»*«I3**  FChG* * , Fg, 2  *  *  CU*=»*Fg 

3-  i  •  -HC£V  =  *  - -  -  -  — -  -  ... 

•  CMAN'iE  LINK  FLOWS 

DO  L=I  AM$(  PPTR(  M)  >*1  v  I  AtJS<  PPTR(  P>  >«-NO<  I  A6$<PPTrt<  M)  )  ) 
UlM<slA*SM«0<Ln  -  — 

$.N=FLOAr<NOCL>/LlNK> 

.  _ U-lNKJsj;  C^INKiAiNarCHG  -  -  --  - 

continue 

_  IF  {AnGlHCE V> .GT.AMAXJ- AMA*-A«S (MOCV > 

continue 

.  -u:=n  .....  -  ...  —  -- 

IF  c AHAX.U r.HDEwHX >  GO  TO  SZ 

CD.VTINJi - - -  -  •  - 

wajTc  <-OUT*:iJ)  J«AHAAtIII 

COfiTXKUS - - -  -  --  - -  —  -  - 

RETURN 


ii: 


e  0 0  HA  T  <  2HSi»;2H  NaxiMUP  MEAD  DEVIATION  FOR  L0A0*:3,2H  sfFg*4*a 
1  «ITrt  .I.2.G.XH -ITiAATXGAlSl - - -  - 


FLO0 0062 
FL0CGC63 
FUOOOOGA 

. flooccgs 

FLOOGQG* 
FL000367 
FcOOCCGG 
Ft  0  0  0  0  G  9 
FL000070 
fljo:o7: 
FLOO CC  72 
floq::?: 

FlCOC  3 74 
floc:: 75 
FLO  0  C  C  7  G 
flo;: s  77 

FLOC;C7<t 
FLO20C79 
FtOCGGoC 
FLOCOC61 
FLOG  CC  82 
MrLOc::a3 
FLOOCCo4 
FLOOCOS5 
FLOG  C  0  8o 


S’JriRGUT  I  ML  “COM®  (LOAD)  HC03CCC1 

COMMON  /Bufll/  0<4S«4> ,IdCC 125) «NO( 32*>*QC45«3>  HCOCCGu? 

C  D““CN  /l:nk/  AL(*5>*£xCAVF<45)  *hwc  45)  •  I  CL  ASS  (  A  5  )  .  Li  NC  OU  45 )  «  NO  I A  MHCOC  Z  Z  C  3 
1(4  > ,f ARCSC  *11 «13NC45>  • I  0* ( a  5  >  HCOOCmOA 

Commas  /CD/  IM£  3C  !  )  *  I SE 3 C  3 )  *  ILtQC  3)  • NQH£0<  I )  *  NQLEG  C  3)  *  NQSE  OC  3)  HCOCL3C5 

CG““ON  /PAThi/  NSTaRT { 7*  )  ,*F IN  I SHC 75 )  MCOOSOO* 

COMMON  /PAT-3/  -«COPR  (5  :  )  ,  I  STOR(  aO,  })  ,  IPN(^C  .  3  >  HC0CD037 

COMMON  /  STORE/  STCOSTC 7 ) tSTMAX C 7)  HCOO:C33 

CO“MO\  /NCOEi/  pp  <:  9.  3  )  *EL  V<  23)  HC033009 

CO“MQN  /N0CE2/  NP  T  0  < 28*3) *  NR£S  C 28. 3) *$0URCEC4 )  HCOCG012 

Cn^-ON  / LDA3C9L/  L0A0CCU<4»  HCOrCGIl 

COMMON  /9U*12/  °!  2(  125  >  t-f  <  45*  3)  « XC  325)  mCOOCOU 

CC"*ON  /Z10A3/  ZL3A0C3)  hC0:CC12 

CO  “MON  /  P  U  “P  A  /  -»“tNC5  > ,M»“AXC  5  >  *-P ! NC  3  t  S> .-max  C  5* 1)  ,L®'JMO(  5*  3 )  i  LPHCO  1  !  ?  1 4 
!UCc:  T  (c  >  » N  3 0 1 J  M  0  <  1  >  *P“S.  <c  ).PJC3£r(5)t  P‘J“»hP  (5, 3)  *PVLC  1  )  -COCCS: 

c o “ “ o n  /mout^  mout*mi%  -coo;::o 

CO  “MON  /NUMS£R/  “)f?L0ITfN3.NJ#N.3*N7i.tN3jMP,NST*NCCA33»  NSOURCI  iPSCAMCO?  17 


1LE- 

CO““ON  /OPTION/  ICL00IS«MAX JMIN.PCRA3H.MINC0ST 
COMMON  /N4HSC^6/  NPMSCHG 
CO-MCN  /NNORM/  NNORM 
CO“MON  /  I L  A  A /  I L  A  X 

INTEGER  POTR*  source 

Q I “EN3 ION  MC(4)t  -<28)*  ImmaXC29>*  ImMINCSR) 

G»A31C  AO, AC) =1 : .471 •( ( A 3/ AC  >  •  •  U8  5 2 /  C  AO >**4.S7> 


COMPUTE  LIN<  HEAD  LOSSES 


DC  40  1  =  1  ,N$ 

-  1 1 =L INC  DL C I >- 1 

co  j  =  1 1 n o 

wF(I*JI=-. 
con  t  TNI/ E 

-  --  •  90  3C  J=1  *  NO  I AM (  I ) 

11=11*1 
DC  z:  L  =  1  *N  3 

MM3GOA01 <  ABS( DC  I .L) >*3C I , J) «HWC I) >*X  C 1 1 ) 
“F<I «  L )=m=(I,L )*mm 

::  continue 

30  CONTINUE 
iC  CONTINUE 

C .  COMPUTE  SOURCE  NODE  A  CJU  3TMEN  T  S  C0R  P'JMPS/ ST  OP  A  GE 

\3M$CH5= ; 

r.->  J  r.r  j=  i  ,N SOURCE 

CO  12  I=I*E3<LOAO> * IHE3CLCA0 )*N3HE3CL0A3)-1 
T r  < SOU*»CEC J) .£3 .NST ARTC I ) )  GO  TO  SC 

continue 
so  To  is: 

*:  net j>=hcor»< i) 

-c 

. .  ELEVATED  STORAGE  HEAD 

r 

IF  ( TSTORC !*1 >• EQ.: )  GO  TO  92 
DO  70  11=1*3 

IF  (  TSTORC  I  *  ID.EO.' )  GO  TO  73 
SN=1.C 

IF  CSTC0STCIA8SC  ISTO*CI*II  m.LT.I.I  SN2-1.3 
HCC J)=MC( J>*5N«XCIA9SC ISTCRC  I  *  I T ) ) )/PSCALE 
cont  r nue 


-coocc i 3 
mcocc: i 7 
mco::g23 
HCC3CC21 

mcooc:2u 

HC0CCC2! 

Mco;:o24 

-co:;c2*j 
HCC*  -.  :2a 
mco:^C27 
hCOCC-023 
HC0CDC23 
HCOOC33C 
hcoc;c3i 
MCOOOC  32 
HCOCCC23 
wco:oo34 
hco::c23 
Hcoc:c3s 
HCO: wi27 
MCcocaiR 
mcoc:c3r 
hcoc  :•<■*: 
mco:cq41 
HCOC • C  4  2 

mcoc*:-  3 
-co : CC44 
hco: j  w  4  5 

HCO  u  C  C  *»a 
hcc: c : 4  7 
hcoc co a  9 
mco::04? 

Mcoc  ccs: 
hcoc :csi 

HC0CC252 

HC0C;C53 

hco :c :*4 

HC0GCGS5 
HCOCOC55 
HCOC  w  C  57 
HCOC  3  0  59 

hco:::s-7 

HCOC  C 360 

hcc: o c 6i 
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SC  IF 

(NPUHP.EG.C)  GO  TO  ICO 

HCOOCCb’ 

Ir 

< S3°UHO ttOAO ) .£0.0 )  GO  TO  ISC 

HCOCCC63 

c 

HCO  ?  C  264 

c- 

«...  au**P 

«E  AO 

hcoo::65 

c 

HCOCCCbS 

30 

PC  L=1 , 3 

hcoc:*o7 

IF  ( IABSI  IPNU  tL  )  J.EG.3  )  GO  TO  9' 

h  C  0- j  CC  6  3 

IP  <LPU"P< IA9$(!PN( I, LI > fLOAC) .EQ.5>  GO  TO  9C  HCOCC06? 

MC(J)=HC(J)*X(L3AOCCL(LOAO)*tPU,*®(rABS(IPN(I*L>)*,-04O>«l)/P"HCOCCC-7: 

HC3C  :C71 


it; 


:  c  ale 

CONTINUE 
CONTINUE 

•  COWUTS  SOOAL  HEADS  cOP  LOADING 

NlE AV£  =  C 
?0  14C  I  =  UNJ 

M  —  * 

DO  HO  U=l,N$OURCE 

IF  (NR£P( I » LOA0> .E3.S0U*CE< J)>  *~J 
CONTINUE 

H(  I  ) =97999. 

IF  <NPT»<I  ♦LOA?HEG.C*OR.M,£0*3)  GO  TO  !4C 
m(  :  )sELV<Nfl*:F(  I  .LOAD)  )-ELV(  I>*hC(  «> 
NsU'iS(NPTR(  I. LOAD)  ) 

L= ' 

Mr 

oo  it:  K=N-:,n*Noro 

IF  CNOOO.GT.C)  L=: 

IF  (NO(K).LT«C)  Msl 
CONTINUE 
sns:.: 

00  130  KSN*i »N*NO<N  ) 

LlNKsI A3S(N0<K) > 

[P  (L«*.EG.1>  SNsFL0AT(N0(K)/LINK> 


IT  * 


i--; 

ic* 


MCO09C73 
HCOC :e 73 
HCOCC !74 
HCOw 75 

MCOC :C7a 

h  c  o  : : .  7  7 
hcc:c:79 
hcccc:79 

mcoocobc 

MCCOCOSi 
mcol :: 32 
Mccccca : 
mco: : :a* 
HCOC:065 

mco j  c  g  a  G 
hcoc:: &r 
hcoc:g3* 
mcooccs? 
mco:  ::9) 
hcoc :c9i 

HC0TCC92 

HCOOCC93 

hcoc:: 94 

HCOOCC95 
HCOC  2  0  96 


T  c  ( ABS(G( LINK, LOAD) ) . GT. I.  £-2 )  SNsG CL  I NK , L J AO > / A9S ( OC L TNK, LHCOC C C ?T 


OAD  >  >  •  SN 

H{  I  )=H< I )-SN*HP( LINK, LOAD) 
CONTINUE 

i«  <  n»t?( i,loau).gt.:.09.hc i) ,ge 

NLFAV£=NLEAVi>  1 
IMMXN<  NLEAV  E) =1 
CONTINUE 

y°  :tz  <  »ouj  *rp  :■  >  l  :ao 

mPITE  ("OUT, 2-0  <  <  I  «M<  I  )  >  ,  I  =  .  * \J> 

IF  (ILAK.LG.1J  oo  TO  2*: 

GO  TO  2 40 

IF  ( NLE AVE .CO. * )  GO  TO  2*: 

IF  (NLEAVE.E0.1 >  GO  TO  1 7 ’ 

►  ''ROE’  VIOLATED  NODAL  H  £  A  3  "• 


. : . >  GC  TO  l*c 


00  Lo:  Isl.NLEAVE-1 
00  15C  JSI*1,NLEAVE 

TF  (H<  tM*IN  <  :  )  ».lT.h(  IHMIM  J)  )  )  30  TO  15C 
Kr IHMINC  I) 

IHM!N< I ) s IHM I N( J ) 

I HM I N ( J)SK 
CONTINUE 
CONTINUE 


0=O£4  CUPSLNT  nEA?  CONSTRAINTS  BT  DECREASING  SLACK 


HCO C  C v 9  A 
HC0CCC9-* 
hco:."i:c 
HCOCC  Hi 

hcoc  h:  2 

HCOC : ! C  3 

hcoc: 10* 
HCOC  C 1 C  5 
Hcoc.ica 
mco: :  i  c  7 
hcoc:  in 
hcoc:  ic? 
hcogcii: 

HC02C111 
MC0CC1 12 
HC0CC1I 3 
HCGCtli* 
hcoc: 115 

HCOC  C 1 16 
Hcoociir 
HCOC C 11  a 
HC30C119 
HCOG&12: 
HCOC  C ID  1 
HCOC  0122 
HCOC  C 12  3 


I 


:  ,'vi  <■  ♦ 
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i  v 

0  * 

mCOO  012  5 

00  is:  I=lH£0<lOA3>.lH£3<LOAO)«-NQM£-3(tOAO>-l 

HC00G12S 

J  =  J-  i 

hcoc cist 

•- 

IHMAX( J>=T 

HCO0C12S 

ia* 

CONTINUE 

HCOOCIC3 

- 

I F  < NOH?Q< L0*0) .LT .2 >  00  TQ  210 

Mcocois: 

DC  St:  1=1 »NOHE 0< LOAD) -1 

hco: c i 31 

00  190  J=I  *1  .NGH-:3(  LOAO  ) 

MC0CC13i 

IF  (  N<  N«=  INI  SM(  IH«AX<  I)  )  )  ,GT.r-<  Nr  INISH(  IMMAX(  J)  >  )  ) 

GO 

TO  19C 

HC3CC133 

-  - 

- 

K=lH*AX ( I > 

hcoo:  i3H 

I  HN  AX  (  I  )  =  I  H**  AX  (  J  ) 

Hcocciii 

I HM4  K (  J)  SK 

HCOO  C  l  JS 

iai 

CO NT INU£ 

hccc: 12^ 

2  r  c 

CCNTJNur 

HCOOC12S 

c 

HCOC ; 139 

c 

•:xCHA\G£  VIOLATED  H£Au  C^NTSAINT  FOR  CONSTRAINT  WITH  HOST 

SLACK 

HCOCC 14C 

f 

hcoo : i*i 

Six. 

00  22'  <St»NL:4V* 

hcoc : i*  2 

HC0CC143 

00  2  20  0=1  •N3h«:3cl0  AO) 

HCOOCl^H 

IF  (  Th*ax<  j)  .£0.C  )  00  TO  222 

HC0CC1A  J 

I*  (NR-:F<NPINISh<Ih*4AX  ( J)  )  ,L0*0)  .NE.NR£F<  I .LCAO) > 

GO 

TO  220 

hcoc::*. 

HrsELVCNPEFC  I, LOAD)  >-ELV<  !)-•*«(  1. 13 AO) 

HCOCC  147 

-JsELVCNRSF/NFINIS^C IHKAX ( j) », LOAJ) »-£L V(NFINI3H(I 

•*  HA  X  (  J  )  )  > 

-HCOGC IhR 

1 

pr(nfini:h< :hmax< ji > , lcao) 

hCOCC l h  9 

IF  <«I*HJ.LT.0.)  GO  to  2:: 

HCOO  C 1 5 “ 

CALL  T  P  ADC  (  IM*AX(J>  *1  *L0A01 

-tcoo::5: 

— 

■  I l  ( J )  = 

HCOC : 152 

GO  :c  2*: 

hcoc:i5! 

•  4  :ii 

CONT INUF 

MC0C:i5H 

2  1  ** 

CONTINUE 

HCOCC 155 

2*0 

continue 

hcoo:  iss 

RETURN 

HCOCC 157 

c 

hcoc 015* 

FCD*'AT  (/**X.  h£AGS  e0R  LOADING  .12) 

HCOC  C  1 5  9 

2  r  C 

CO°«»T  (  H(  .I2.iH|  =  ,r  iJ.2>  > 

HCO'CC  IS- 

hco  :  oi6i 

i  •0 

HCOC  Cl  3? 

T 


L__ 


SUBROUTINE  L® 

COMMON  /9UP11/  C!45«^» 
common  /amat/  a-at<i;: 

/E3/  I  ME  Gt  3  >  *  I  S 
CC“MON  / BCV  EC/  3<125)* 
-COMMON  /BA-^IC/  I9V<325 
COMMON  /8UF12/  ®  !Z  < 125 
common  /loaqcol/  LOAOC 
COM-ON  /2LOAO/  ZLOAOC3 
COMMON  /PIPE/  PIPC(*5> 
COMMON  /Pu-PA/  Mp-!N(« 
1UC«IT(3> f NOPUMP(3) *  P  ML 
COMMAS  /-CUT/  MQUT.MtN 

common  /flow/  zfloop*: 
COMMON  /NU-3ER/  MXFLOI 
1L  £ 

COMMON  /z/  Z 
-COMMON  /MATRIX/  NMROWS 
COMMON  / PR  £Q /  NMCQ,NSt 
CO-MON  /0®T I  ON/  I FLODI 

common  /status/  :l°for 

-  OIMCNSrON  C8AP(275)»  I 
INTEGER  PIPE 

ILP=0 
njm0v=: 
z- : . 
znp=:. 

NR  EU= '  -- 
numis: 

~  ipos=: 

OC  1C  J- 1  *  NMCOL  S 

-  -  X  <  J  )  =  C  • 

:  continue 

-  00  20  I  r  1 1  NMR OWS 

I°IV<  I ) -C 

:  continue 

:  IF  < NUMI.GE.MXLPIT >  00 
numisnumi*; 

OF  -0  • 

-  IF  <  TPCS.E3.1 )  00  TO  5 


»•••  CMECM  FOR  FEASIBLE  solution 

DO  AC-  I  =  1«NMP0US 
T 0= I BC (  I) 

IF  <C  UBI.GT  .1.E9)  GO  TO 
OFrOF*R< I ) *C< IP) 

♦  continue 
ipcs=i°os* ; 

yPTT*  (M0UT*27C)  NUMIfOF 
3:  AMTN*1-Elr. 

-  Nev*c 

OC  7C  J=1,NMC0LS 
CBAR<  J)  =  G.  -: 

IF  (I3V( J).N£.' )  GO  TO  7G 

00  *:■  i *i * nmpc ys 

IB2IBCCT ) 

CBAP< J) =CBA»< IBMAMATU  *J> 
6C  CONTINUE 

»•••  find  basic  variable  to  enter 


WBCU25  )  .N0C325*  A5t  3) 

,273) 

EQC  3  )  ♦  iLtGC  3)  *N0hE3<  3  >  ,NQL£  0<  3  >  •  NOSE  G(.3  > 
C<  323) 

)  *  TPIVU25) 

) , hF ( 43, 3) *X( 323  > 

0L<  ■*  ) 

) 

)fHPMAX<5) ,HMIN(5,3) ,H-AX(3* 3> ,LPjMP(3t2) 
(5)  .P'JCOEF  (3)  ,3UMPMR  <5,  3)  ,PVL  ( 1  > 

TeLOOP , I TFLO 

T,  NS*  NU*  N3*NVL*  NP'JMF,  NS  T  ,NCL  ASS,  N  SOURCE  ,  ® 


, NMCOL S, N-SL4CK* NO VA9$* NBURO-, 
3  *  NLE  Q* NPEC 

S* MA XrfMlN* NCR ASH, M I  NCOS T 
M, IGRAD* IFLOSEL,  tLP 
R£U<50> 


LP 

:ccc: 

LP 

C0<JG2 

LP 

CCCCT 

)  L° 

3G00* 

LP 

z  0  a  0  :• 

LP 

:  coco 

LP 

0  oOC7 

L» 

3  G  3  C  4 

LP 

c  l  : :  9 

LP 

:  0  c  1 ; 

I) ,LPL° 

cgcii 

LP 

c : : ;  ■* 

LP 

:  ?  c  1 3 

L® 

GCC14 

,PSCALP 

2 ; : ;  5 

LP 

5  Wf  Z  1  3 

Lp 

2  3  3  1 7 

LP 

co:i4 

LP 

v  C  •j  1  y 

LP 

c:oc: 

LP 

■  l  ii. 

L® 

:  0  c  z  *> 

L® 

c:g23 

LP 

0CC2a 

L® 

:oc2^ 

LP 

0CC26 

LP 

CCC27 

LP 

C  :  u  2  4 

LP 

:;C24 

LP 

c::3: 

L® 

;  :c3i 

LP 

c  c  •:  2  2 

L° 

C  C  C  2  j 

LP 

0  C  C  3  4 

LP 

::czj 

LP 

0CC36 

LP 

z : :  3 7 

L3 

c  :g3a 

L3 

33C24 

LP 

CCC4C- 

L» 

5  :  c  4 1 

L® 

:  c  4  2 

LP 

c :  :<•  3 

LP 

3  3  3*** 

LP 

C  C  Cl  4  > 

LP 

0  u  0  4  •» 

LP 

-  0  C  4  7 

L° 

C  u  3  *  4 

L® 

3  3  :  4  9 

LP 

■3  0  C  5  3 

LP 

: :  c  5 : 

LP 

:  3  c  3  2 

L® 

CGC53 

LP 

0  03  54 

LP 

C<.055 

LP 

Q  C  C  t  i 

LP 

3CC57 

LP 

00050 

LP 

CCC3* 

LP 

0  0  0  6  5 

LP 

CCCbl 

T 

i 


LP 

CCQbC 

If  <  C(  J)  .ST.  1  .£’.4*13.  J.OT.NO  ViR3*NMSL4CK»l\(PEJI  33  TO  73 

LP 

0CC63 

LP 

0006* 

**• 

COMPUTE  REOUCEQ  COSTS 

LP 

CC065  j 

LP 

OCOoi  j 

C8A»<  J) =C( J) -CBftR <  J ) 

LP 

03367  1 

IF  ( C3A«< J) .GT. AMIN)  SO  TO  7 r 

LP 

a:c-6R  i  , 

A**IN  =  C9AP  (  J) 

LP 

0  u  C69  1 

N9V-U 

LP 

32073  [ 

7r 

continue 

LP 

3CC71 

LP 

3  c  0  7  2  i 

CHECK  FOR  OPTIMALITY 

LP 

CCC73 

LP 

3C ; 7  A  1 

IF  < AMIN.G: .-l.E-03)  SO  TO  163 

L° 

3  :  C  7  3 

AMl*slO.E*I5 

LP 

:cc73 

LP 

0  C  C  7  T 

•  •  • 

FIND  8  AS  I  C  V  AS  I  A01E  TO  LEAVE 

L  ? 

CCC  74 

LP 

:  r :  7  9 

30  8C  I=1.NMRCW3 

LP 

E  C  3  8  ‘ 

IF  ( A*AT< I«N8V).LE.:.>  GO  TO  S3 

L  3 

:  c  c  8 1 

IF  < < B< I)/ ANAT< I ,NRV> > .GT.AMIN)  GO  T  0  S'! 

L  = 

:r :  8? 

A  M  I  %  2  8  C  I  )  /  AMAT  (  I  .N8V  1 

L3 

:;c93 

IRQm-l 

LP 

3  «  C  8  4 

i,  r 

CONTINUE 

L3 

SCOBS 

LP 

3CCBG 

•  *  • 

CHECK  FOR  UNROUNOEO  SOLUTION 

LP 

:  3C97 

LP 

::&83 

IF  ( AMIN. ST. 1. El  A)  GO  TO  CSC 

LP 

o  c  c  a  =» 

LP 

aeosj 

•  ** 

CHECK  Fo»  PIVOT  LEVEL  TOLERANCE 

LP 

c :  :9i 

LP 

CCC  9? 

IF  <A--AT(IOOW.N3V)  .GT.1.£-»I  GO  TO  93 

LP 

2  C  09  1 

NREJ=N»EJ*1 

L° 

CCQ94 

I9V(N8V»=-; 

LP 

0CC93 

IREJ(.VfiEJ»  =N6V 

LP 

CCC93 

u  f»  t  T  c  (ROUT, 260)  IROw.NBV .*N»T < I«CM  .N3V > 

LP 

:  0  087  j 

GO  TC  t: 

LP 

CC399 

9' 

r*v< I9C( irou ) )=; 

LP 

CC09-*  j 

PT  V-AM AT  <  IROWbNHV) 

LP 

1  £  1  3  - 

IF  (NREJ.EQ.:)  GO  TO  Ufi 

LP 

coi:i 

30  ICC  J=1.NBEJ 

LP 

oc  ig: 

I B V ( IREJC J  >  )=: 

LP 

:  c  i  •:  * 

c ; 

CO NT IWUE 

LP 

3  3  1 C 

N°E J=‘ 

L® 

C  C  1  c  3 

1  z 

CO NT INJF 

L  ° 

c  a  i  a  s 

LP 

•: :  i  ■: 7 

*  rfp  :t:  cmout  tjcE )  ;roi»*  i3C  ( i  row*  .N8v*oi  w 

LP 

o  a  i  c  4 

S2ZS  e?RMAT(*  ROW*. 13**  LEAVING  VAR  *.!.}♦*  ENTERING  VAR*. 13. 

LP 

c  ci:3 

%  1  •  ° I  vs • . Gii • 2  J 

LP 

3  a  1 1  • 

LP 

wClIl 

IRC ( I®3W l=N8V 

LP 

::  in 

I  M  V (  N9V  )  =  I«»0M 

LP 

:  c  u  3 

OC  13'  Isl.NMROaS 

LP 

a  c  1 1  *  , 

IF  ( I • E  G. I R  OW )  GO  TO  liC 

LP 

ecus 

8<I)=H(I)-3(IR0W)-AMAT<ItNBV)/PlV 

LP 

GG  1  lb 

00  120  J=1.NMC0L3 

LP 

c :  1 1 7 

IF  <  J. EQ.N8V )  GO  TO  120 

L° 

Guild 

6MAT{I,J)sAMaT(i,jj-AMAT(I»04*J)*AMAT(IfNRV)^PIV 

LP 

ecu*  : 

'Z 

CONT I Nu  E 

LP 

00123 

'Z 

CONTINUE 

LP 

c :  u  1 

GO  14“  Isi.NNROtoS 

LP 

CC122  *1 
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AH  AT (  I -NBV 

LP 

0C124 

1  A  C  CONTI NUt 

LP 

CC125 

00  X5C  J=i*NMC0LS 

LP 

C  012a 

15*;  AMATCAOW-J)  =AHAT<  IR0W*J)/PIV 

LP 

0  C  1 2T 

-  a< irow>=0< irow) /®iv 

L® 

c  :i2-> 

GO  TO  ?C 

L® 

3C12  * 

— c  —  - 

LP 

c  c  1 1  :• 

C--*..CH£CK  FEASIBILITY  OF  THE  SOLUTION 

LP 

CC132 

c 

LP 

*  •  1  1 1 

—  It;  If  <  «(UH  r  .Sc.  N«l°I  T)  y«ITc  < MOUTt Ji? > 

LP 

5  0134 

DO  2*:  I  =  1  .NMROWS 

LP 

C  0  1  3  5 

K=  IRC(  I  > 

LP 

:013a 

: >*c ( k  > 

L» 

:ci3T 

IF  < £8S<C<<> >.ST.l«?«d)  GO  T 0  170 

L  ° 

j  9  1  3  -* 

lc  (  mnccst.es.  i.anc. coo  .gt.;.j  ZLO  AD  (  1 )  =R(  I ) 

L® 

& ; : :  ® 

-  I F  < MAMW“IN.EG. 1 .ANO.C <K > .LT.C • )  Z L 0 A 0 ( K- N D ¥ AP 

S-NO)=0< I )/PSC 

AL 

EL® 

j  •.  i «  j 

ZNP=ZNP-0C I ) • C ( K ) 

L° 

;  *  i  *  ; 

- -  -  -  50  TO  2 *♦  u 

LP 

3ci«: 

c 

LP 

: ;  i  a  i 

€•••*•  PIND  LOADING  ASSOCIATED  WITH  S S I NF Z A S I d I L I T T 

LP 

3:1*4 

c 

LP 

:  i*»3 

—  —i’:  if  < k .le.novaps*nhslack-np*  0)  go  to  ia* 

L° 

:  C  i  4a 

IF  ( K.GT .NHCOLS)  GO  TO  210 

LP 

:ci»7 

LINKSK-NOVAPS-NMSLACK-NPEO 

LP 

00148 

WRITE  C-OOT.OSC)  K*a<I >tPIPt (LINK) 

LP 

- -  -  IFL0S£L=1 

LP 

a  c  i  s : 

GO  TO 

LP 

cc:;i 

- H*-----  00  £00  L  =  i -NO 

LP 

-  -  «  C  1 

IF  (NQSEQCLJ  .EO.O  30  TO  13) 

L? 

OC  1d5 

- -  IF  ( K  •  5 1  •  LO  AOCOL  ( L  )  ♦NQPUNP  (L>«AN3.K.L£.L0A0CQL<L>— NQPUMP(L) 

-LP 

C  3  1  5  - 

1  NOSEQCL)-!)  GO  TO  21C 

L  P 

::i*r 

-  -  -  -  -  -  IF  (K.GE.NDVARS^NHSLACK^ISEQ(L) .ANO.K.Lt .N0VA«3*NH3LACK*I 

seolp 

0  C  i5a 

1  <L>-N0SE9<L>-1 >  GO  to  21: 

L° 

c;  137 

-  — I3v  IF  (NOLtQ <L  > .EG. " >  GO  To  200 

L® 

0215a 

IF  (  K.Gt.LO AOCOL  (L>-NQPUHP(L>*NG3t3<L>  .AND  . 

K.LT.L34DC0LIL 

♦  1 )  LP 

CCl  5* 

1  )  GO  TO  22C 

LP 

ZLloZ 

IF  <<. Gt.NDV ARS*NMSLACK* ILE0(L ) .ANO.K.LE . NO ; A R S * NK3L AC K *  I L E 

au» 

0  3  1  9  1 

1  ( L»-NQLtG<L)-l )  GO  TO  220 

L° 

•j  C  1 6  3 

2::  continue 

LP 

::i  =  3 

- 210  -  LGO'jRCtsK-LOAOCOL  (L  >-NOP'JHP<  L>-1 

Lp 

0  C  16« 

IF  (K.GT. NOwARS)  L30URC£=K-N0VARS-NMSLACK-TSEG<L>-1 

LP 

iris! 

WRITE  (HOUT.t.;-i  <«%(!>«  LSOURCZ .  L 

L® 

C  C  1 6  2 

GO  TO  2*0 

LP 

G  J  1  6  7 

ST :  L00PsF-LCArcCL(L)-N0PUMO(L>-NQSE2(L )^1 

LP 

:  c  1 6  ^ 

IF  (*• GT.NDvARS)  LOCP=K-NC¥ARS-NHSL ACK-ILEO CL) 

♦l 

LP 

c:i6* 

•  RITE  <*0uTt3iG>  K  »  0  < I >*L  OOP  - L 

LP 

::  17) 

go  to  :«.c 

LP 

CC  171 

2  T  *  NIH0W2NIN0V1 

LP 

CC172 

T  lp=  : 

LP 

C  C  1 7  3 

W«IT*  (H0UTti2C)  I-K 

LP 

Ol17« 

2 • C  AfK)*H(2) 

LP 

: :  its 

WRITE  (■OUT»J*vl  ( < J*ZL0AO< J ) ) tU=l -NO > 

LP 

0  C  1  7  a 

WRITE  C*OUTfj;:i  NU*I. ITFLO.ZtZNP 

L® 

:C177 

WATTE  (H0UT,3^C)  NI*0V 

LP 

::i79 

oo  2i:  r=i.NN«ows 

LP 

ccira 

jr*|nV  A®S-NP$LACK-l 

LP 

c  •:  i  a : 

PIZ(  I  ) -C ( J  )*C3AR ( J) 

LP 

ccisi 

-  ---  IF  <  C(  J)  .GT  .  l.E**.ANO.J.GT  .N0VAR3-NH3L  *CK-N®fq  > 

PLZ (I  >sC3AR  <J  ) 

LP 

9  C  1  92 

®IZ< I ) =°SCALE -e IZ( I ) 

LP 

o:i°3 

2V;  CONTINUE 

LP 

:ci  ^4 

RETURN 

LP 

CC133 

1 


l  *r* 
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26C 


L  P 
L  P 
LP 
L* 

-2?6  format  ( ///2X «32HF£AS:BL£  SOLUTION  REACHED  AFTER  .I5.17H  *INOff  IT£LP 


WRITE  (M0UT.37O  vflV 

ILP=1 

return 


23C 

ZuC 

316 

320 

ii* 

Z4T 
ZZ  “ 
3*: 

37: 


1RATI0NS.3X.6h  CDSTs*F12-2)  Lp 

FOR-AT  (25X.29M  PIVOT  ELEMENT  REJECTED  AM AT < . I  3 . 1«. . I  3 , 2H ) = • G1 2 . 3 > LP 
FORMAT  ( 1 3H  IS INFEAS IEIL!TY  X ( . I  3 . 2H ) * .F 1C .2* 6M  LINK  .13)  LP 

FORMAT  (21M  SSSj;nF£A3 IBIl I TT  x < *  I  2  * 2M ) = • F ; G • 2 . 3M  SOURCE  »I3.5H  LOLP 

1A0.5M  MO.  .1?)  *-P 

FORMAT  C19M  SSINFCASI3ILI ty  X ( . I  3 • 2H » 5 , F 1 0 . 2 . 6 m  LOOP  .I3.5H  L0A0.5LP 
in  NO.  .13)  LP 

FORMAT  ( 5 X. li*$ ICONS.  NO. *  15. 5 X  *  1 7H  ART.  VAR.  NO.»I5)  Lp 


format  </.25h  SOLUTION  REACnEO  AFTER  .IA.iTh  “INOR  ITERATIONS*/ *  4  LP 

1H  j»  .13.12“  <w/«>ENALTY)  .612.4.  1<m  {d/Z  PENALTY  ) . J 12  .  *  ) 
format  (  3h  $J.*(3M  2  <  • 1 1 • 2M> a. F 10 • 2 ) ) 

FORMAT  (42“  NO.  of  IMAGINARY  BASIC  VARIABLES  AFT£*  lP.I3> 

FORMAT  C*X.6oH  COMPUTATION  STCPF-E  AS  A  RESULT  OF  TOO  MANY 

l  ITERATIONS  ) 

FORMAT  C//5X.28H  SOLUTION  IS  UV  LIMITED  VK2.T5) 


END 


0C18-, 
3C187 
•1C  133 
c  :i«9 
1C  191 

g:i*i 

:  c  1 9  2 

CC193 

C  L-  !.  q  4 

-1195 
0C196 
C  C197 
C  C  1  9s 

::  199 

5  C  2  G  3 

: .  2  c  i 

:C2C  2 
2  121  Z 
G  C  2  u* 
Z  22*5 
0  C  2  0  6 


% 
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SUBROUTINE  LPFJR» 

TPACC  STATEMENT  NUW9ERS 

CO  ** MON  /«uFli/  0  •  I8C  ( 125)  «NO<  325  >  ,Q<  *5*3) 

CO-ION  / AH A T/  AMAT(li: ,275)  _  __ 

CO**  M9N  /QCJZZ/  H  (  1 C  5  )  *  C  (  325)* 

CO--WON  /5A  SIC/  liV(  !2v)  ♦  I P I  V<  125) 

common  / rh gchg/  h-;:^no( : : > *celrhs( 1 3) 

COMMON  /cLOV/  *.FLOOp  »  IT  Ft  OOP*  I  TFLO 

CO-HCN  /MATRIX/  NMROW.>,NMCOLSfNMSLACK,.NOVAfiS»NbuaOktMXLP  IT 
CC“*«0\  /*OjT/  MJUT.MtN 

CO M WON  /STATUS/  ilpfopm, icracu  j^lcsel. ilp 
CCv»*0\  /NRlSCrtG/  NRM3CHG 

CC-MGN  /NTIME/  NCI ACHG,NPuMCHK,NFLOCHG,NRCwPlV 
INTEGER  HiONO 
NPOdPI v  =  0 
IL^FT-VsC 

•  Pi -ORGANIC*:  Til  -ATRIX 

•  c£vot  to  put  -  a  t3  i  a  in  stanoaro  ro«M 


CO  9C  L  =  1  »  *JMR 0« 3 

IF  ( IP!  VCLI ». ~ )  JO  ^0  9 C 
IR  -=L 

NP  0 WP I V  -  NR  0  WP  l  V  *  1 
XC"LsI&C(ImOW» 

IF  (  IRO«.£i..«NR  US)  GO  TO  3C 
IR-IRO- 

A“AxrAoC< AMAT( IRO-. ICOL ) )  _ 

Do'::  lll=:-o-m*n*ro-s 

:f  < abs< a*atclll,:col> v.uE.a»ax>  go  to  ic 

A-AX2A3GC  AHATC  LLL. ICOL ) ) 

I?SULL 

;  CONTINUE 

lc  (  tff.CQ.IOW>  GO  TO  3C 

oc  ::  j-it.N«couG 

AMsiMA  r <  : RQ-rfv J) 

AMA  T ( IRO« , JlsAMATt IR , J) 

AMAT ( IP, Jl =A- 
:  CONTINUE 

9M--,  (IkOU)  _ 

9<  trow)=8< 1- > 

B( 1“ >stfM 

:  P I v  =  A  PA  T( IRQ*, ICOL) 

x  -3I Ti(HOJT,io:i I«OU*ICOL, FI  V 

A  yoiTi(MOJT*iC:)I«*AWAx 

s:-l  FJRMATC*  Ms**I3.«  4HAX  =  «*r8.A) 

H*0  C3PHAT(/.*  RO-  COLUMN  «,I3,*  PIV0T=  •*F10*5I 

IF  t  ABj(PI  V  >  .GT.l .£-o)  viO  TO  O 
*•  CHCC*  FC°  ZIO  PIVOT  TOLERANCE 

write  <hout.:::>  how*icol*piw 

ILpp0PW-l 

RFT'jKN 


JPOATT  RHG 


00  r*  :sl«NWf«0i3 

TF  ( I. EG.  IRO.i  JO  TO  oC 


LPF  0  3  0  0 1 
LPF00CC2 

lpfcc:Q3 

LPFOOOQm 
LPF30: 35 
LPF30306 
LPF30:07 
LPF  3  0  CO  6 
LPFC  C  C  C  9 
LPF03C1C 
LPFoaci ; 
lpfco : is 

LPFO  DC l T 
LPF  3  2  C  l  a 

lpfc : C i . 

LPFCCCl  3 
LPFC  3:  1  7 
lpcc ::ic 
lpf: :c ;9 
LP  F  3  C  3  2  0 
LPF  3  0  C  2 1 
LPFC  332J 
L?F  C  Q  323 
LPF2ZZ2* 
LPF 3  C  3  25 
LPFJ  332b 
LpFO  0  C  2  7 
LPp3C:2b 
LPF3C32** 
LPFS305C 
LPFC  3  C  31 
L°FO  3 332 
LPF00T33 
LPF03 33* 
LpFC :: 35 
LPF  3  00  3b 
LPFC 033 7 
LpFC:C3o 
LPF3GC3 > 

lpfocso 

LPFQC3*! 
LPFC  30  A3 
L°rCOO*  Z 
CPF0C3*** 
LPF0C3A5 
LPF0L3A6 
LpF3  30*  7 
LPFO  0  3 ♦ d 
LPF30CA9 
LPFO  C  3  5C 
LPFO  C  251 
LPF3C052 
LPFO  3  0  53 
LPF3  C  3  5* 
LPF33C35 
LPFO  C  0  56 
LPF00057 
LPF0C:5ti 
LPFOOC59 
LPFO  C  3  a3 
LPF  0  C  0  6 1 


.  .  .  .y  ,  T 
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r»ci)=0ci>-a(i(?o->*AMAT(iticoL)/Piw 

c****'  PERFC**  * 0 W  PIVOTS 

: J  j;  J=  L • NMC3L3 

IF  C  ICOL)  "go  TO  e: 

*-UT(t  *J1=AMAT<1*J>-ANAT<  IR0L*O).AMAT(  I.ICOD/PJV 
5;  *  CONTlNuE 

oC  CONTINUE  _  _ 

:•••••  2L  RO  all  OTHER  ELEMENTS  IN  UPDATED  COLUMN 

C 

DC  7  C  l3l*N*rtO»$ 

TP  <  I.E*. I*CJ>  iO  TO  7 C 

( 1 • 1  col  > 3 :  • - 
7:  continue 


LPF00062 
LPF000S3 
LPFOOOb* 
LPF00065 
LPFQ  G  0  So 
LPF33367 
LPFCCC66 
LPFG0369 
LPFC3C7C 
L°F3  0  0  71 
LPF00072 
LPFC30  73 
LPFOC: 74 
LPF0G075 
LPFC C  3  7s 
lPFO  0  3  7  7 
L°F2  0  7  78 


" ! VI?:  BASIC  90*  BY  PIVOT  ELEMENT 

DO  jai  #N.iC0w0 

«HATCIR3»*U>sAMiTCIRC«»JI/PIV 

CONTINUE 

Bf  r  30J)  =3(  IfiOW)/?lV  ___  . . 

*9 1  CONTINUE 

c 

c*-***  C r« Aftfti  R m i  Fj-’  NEV  P3ESSU*£  CONSTRAINT 
C 

IF  CN?HSCH3*£0. : )  30  TO  123 
dc  11  r  j=: .nrhechg 

IART  =  ND  VAa3*^3LAC**rt€0N0C  J) 

DO  ICG  Isl#N«RO»S 

- ( I )=8(I I -AM AT ( I * I  ART ) •0£lRH$( J) 

13"  CONTINUE 

XiC  continue' 

nrhscmgs:  _ _ _ 

12:  NIHBVr: 
r 

c  t  wfi:T-:(MOjT,ii2Mc:*a(i))ti2i#N^Rows> 

:  SI 1 2  f]RH*T(3(.  n< • , 13. * )=• f G1C.3) > 

r 

OC  14:  lsl*N"MO»S 

IF  <  3<  I  )•*£.-•  I  30  "TO  l«»c, 

0(  I  >  =-»< I ) 

DC  12:  Js 1 • NMwOlS 

A  **  A  7  (I  «J)=*4MAT(  I  «  J  ) 

13  3  CONTINUE 

NI**?V8NIM8V»1 

N=>"C0L.>NIMH 

C 

c  i  IT-:  (MOOT  *lil  >*I«  I BC  (19  *N 

C  ill!  PCTMATC*  p.0***I3*»  LEAVING  VAR»*I3*» 

C 

IF  f I3V< IdC( I >  >.3T*  *  >  I8V  I  laCtl 1 >  =  - 

iec<  n-wMC0Li*NiM6. 

IP.MNHC  )L3*NlMBV)  =  t  _  . 

CtNPCOLS^NIHKv >=l .E13' 

1*C  CONTINUE  _  __ 

•RITF  CH0JT,1S:)  NIM9V 

_ R  £  T  URN _ _ _ _  _ .. _ .  _ _ 

r 

153  FOR  HA  7  C25H  NJ  PI  V-)T  ELEMENT  IN  ROW  *13*/ 
lL. »  13  *  7H  =  * ul 2 «  3 ) 


LPF0C073 

tPFcooa: 

LPF3G 381 

lpfocos: 
UPFCG 083 
lpf  g  g  :»«* 
LPF33335 
LPFQGCBo 
LPF03C37 
LPFC03S8 
LPFO  0  3  d9 
LPF07093 
lpfo::5i 
lpfc::92 
LPF0:S93 
lpf  0  0  0  94 
LPFGG095 
lpf:;:9s 

LRFC3G97 
LPFGGC  *3 
LPFOC: 99 

lpfc: io: 


LPF  3  0101 

lpfocio: 

L°F  3  G l 0  3 
LPF0C104 
LPFG3135 
L^FJilGu 
LPFOCIO  7 
LPF33130 

lpf::i;9 
lpf::  no 
LPF33111 

ENTERING  v  AR  *  ^  I T  )  lpf::iu 

LPF  3  0113 
L°FO  3114 
LPF03I15 
LPF03116 
LPF  0  0117 
LPF03118 
LPF00119 
.  LPF00120 
LPF0Q121 

*  2  3h  INTENDED  PIVOT  IN  COLPF33122 
LPF0C123 


5UHR0CTIN*;  MA:g£N  MAT0G001 

TPACC  SU6SwRI°ts  “AT230C2 

COMMON  /owrll/  J<«5,4>  ,IdC<  125)  ♦ NO < 325 > , Q < 4 S , 3 >  MAT0C0C3 

CC“MGN  / AM  A  T /  A“A ft  1 1  :,27* >  _ _ _  ..  MATCCCO* 

COMMON  /SCveC/  9(l25)«C(325f  ’  ’  MATSUOS 

COMMON  /INT£R/  -laPTSC  T5)  .LC0MC325)  .  MATOuJOq 

CC“**ON  /£0/  Irt”  J  <  '.1*  1 3£Q  (  3  >  •  I  L£u(  -3 )  «  NQH£  Q  (  3  )  «  NGLlQ  (  3  )  «  N£5£  2  (  3  >  MATCG337 
CC-MON  /Plffil/  NSTAMTf  75  >  ,NFINISH<75>  _  "UTZCZZA 

COMMON  /PATH2/  Pp*i^<  75)  ,NLuA0(75)  MAT3C0C9 

COMMON  /P4IH3/  -<C'«R(3:>,lSTOR<bOO>,!?N(<>3,3>  “ATOOGIG 

COMMON  /NOJlI/  aH(;<i:i»£Lrf(23)  MA  T  3  0  3  1  1 

COMMON  /NO JE2/  *PTR<  2-»,3)  ,NR£F<  2S*  3)  ,SOURC£  <<►  >  MATCOCli 

CGH“CN  /LINK/  4L(4.>,£XCAi/F<*5>,Hw<45>,ICLASS<45J,LINC0L<4  =  J*N3IAMMATa;:i3 

i<*s ) .7a^ c ,  r  jn<^ 3>  * rox(*0)  mat: 30  14 

C C M **G U  /Ml  *3/  Ml N0<*5>  M4T3C:i5 

COMMON  /“AXO/  *4XJi43»  MAT3::i^ 

CO-MCN  /P[P£/  PI®£(*5l  '  MAT30J17 

COMMON  /STORE/  STCOSTt ?) ,STMAx< 7 > _.  MATOOCIS 

CC«MC?,  /LOAOCOc/  LOAOCOL<'>  “ATOCil? 

C  0  *  NO  N  /PJMPA/  HP-r:j< :.  » •  HP  MAX  l  5  )  ,nMIN<  5,  j)  ,  hmax(  3»  3)  »LPUMP  (5,3), L? MAT: 2 223 
lUC"  IT<  ?  )  ,.N  iPuMPC  3),PML<  o  1  ,PUCG£F<  5  >  fPUMPMRC  5,3)  *PVL<  I  >  MA  TC3  3  21 

COMMON  /PPUMP/  PP’JMP  <  j )  _  __  MAT:o:22 

"common  /  OP  JM  P  /  jPjNPt  :  »~3)  ~  ‘  ’*  "  MATC0C23 

COMMON  /PUMP F /  PUMPF (  >  MAT  3  3C  2  * 

COMMON  /GP AO/  INTCk, ICG, I3FCS«G2MC0ST,G2MPCR, ALPHA, IAL3t ICRI T  MAT03022 

CCMMON  /PR£0/  Nh£<3  ,NS£<3«  NLl  0 1  NP£  C  MAT3C32* 

COMMON  /PJ^PV/  ouM»£Fr ,POkCOST,?uMPM,PCOIF-  ,«A  TO£N ,PLM AC RF • T IPCOST M A TO G 3 2 7 
COMMON  /NUMBER/  MXrLCIT,;.ii,Nj,NO,NVL,  N°UMP , NS T , NCI A$S , NSOORC £ , PSCA MAT  3 3  a  28 
1L£  “  “ATOC029 

COMMON  /D I  AM V /  NPOIAM, CPSPAC*, IQMlNtlOMAX  MATCC333 

COMMON  /OPTION/  IFLOOI 3, MAXUKIN,HCRASh,MINCOST  MAT33C31 

COMMON  / “OUT/  “OUT, MIN  MAT3u232 

COMMON  /IMATGCN/  IM4TSEN  MAT03033 

COMMON  /MATRU/  NMRO«3,NMCOLC,NMSL  ACK,NOVARS,NdURO»,  MXLPIT  MAT  i  C  C,  24 

COMMON  /°R I Ct/  mx^acRF,PIO£M,ST0ACRF  MAT00035 

COMMON  /HAROT/  MXHC r T,mO£VMX  MAT3C036 

COMMON  / 1  £  X/  l'\  MAT3CCJ7 

COMMON  / 1- AX/  I ’.AX  MATO  C  3  3c 

COMMON  /ORATIQ/  QRATIG  MATC0C39 

COMMON  /NNORM/  N NORM  __  MATC3G43 

C  G v  MON  /IPUMP/  IPU-P  MATOCOAi 

OIMCN-ION  LOMJPTR(}>,  ACl,l),  n^(2),  lR£PW5>,  mSTARTI1:),  PCONC 5 , 3 MA T Q C 3 4 2 
I),  LP::N<j,3)  MATJCCA3 


i>,  LP::N<j«3> 

I N T C G £ ■''  PM.*PV|_  ,PPTk,  3JRCC.£GPTR,PIPC  fPCON 
REAL  !RAT£,CZM.iAL 

•FUNCTION  FOR  G-AOICNT  COMPUTATION 
5RA01  <  ACtAJ,  AClsl  3«47I*  <  <  A*/AC  >  ••:  .4)52  >/<  <  AD)  ••4.87) 


•••  capital  pump  cost  function 

»UMC0:T<A.,P,Artl=La.i4*(AG?*-.«52>«  <  AM«*,642> 
•♦•INITIAL  VAuUl  FOR  P£NAlTT  FACTOR 
IMA  TG£ N=  C 

Pr*JfAC  =  ULi.O  .  _ 

«ATO£  Nsl  •  -i  4 
NM LLACKSC 

NRiLA^sC 


mat:  o:-»4 
M6r:c345 
MATC 3346 
MA  TCCC47 
MAT  G  C  34  Q 
MATOC  349 
MA  TO  0  C  32 
MAT3C3S1 
MAT3C352 
MAT03C33 
matoc:34 
MATC0053 
MAT00056 
MATO  G  3  5  7 
NAT3G258 
MAT00C59 
NATGOOoQ 
MA  TO  0  06 l 


-i*»  iA.UKl 
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T  It'COwTiC. 


••••  »EAC  AND  WRITE  PTOBL-M  PROBLEM  TITLE 


0  E  A  D  <*MN«9bC>  ( CC I ) .1  =  1 »4C ) 

•rite  (mout,^/;)  (c(i)fi=i*4o 


HA  TO  C  C  62 
HATOOObJ 
M4T3  33b* 
MAT33C55 
-ATCiObi 
MAT  3  C  2  b7 
MAT3CC68 

*  pc ac  and  dRUz  initial  data  hatoc3o9 

MAT00070 

R£40  <*INf-<8:>  MIn:3CT,MAXWMIN,  IEX,  IPDMP  MAT  3  c  C  7  i 

*<tic  f*r\«?d:>  mcra jhwhat* iflojz5#ilax  matooc72 

•* f  AD  < M  r  74  ♦  ^du  >  INTEfttiCSt  IdFGS*  IALP*  ICR  IT  ~  MAT0CC73 

I-  (*!UCOST.Ei. 1 )  -RITE  <MOUT,lCb:>  MAT3  C  3  7« 

IF  (  MAYhMi\.E'J.  :  )  -pit:  CMOuT,99C)  MAT  3  3  0  75 

Ic  (ICS. £3.1)  WRITE  CM0JT,1CC:)  M  AT  3  3  3  7b 

if  < rc5.t**o#A.*;j. ib^gd. es. :  )  write  <mout*i:icj  m-toc:77 

if  (i‘-s^s.*Q*i)  -rite  cmojt,i:2o>  mat:cc7s 

IF  (  I^T£P, EG. ■  >  WRITE  <  MOUT *  1 2  3  C  >  ...  MAT3C379 

if  ( ist'r.eg. : >  .rite  <mo«t*i:>c>  _  matd;:8c 

IF  (  I AL*.-:  j*  :  J  -RITE  IMOUT.I05S)’  *  MAT33081 

3CAO  CMI\»J8C)  \E  .  *J* IDMIN. IOMAX* NCXCAV, NG . NEHERG , NPUMP , NWL i NST  t NC HA T3 C 3 62 


IcAJSt^CDUKCc  mat:c:82 

B£AO  {*IN*.37;>  UP3IAM, DPSPACE  MA70038* 

DO  1C  Islf-rfS  .  MA  TO  C  C  95 

ExCtWF <  I)=3.  _  MA  T  3  C  C  9b 

:  ccnti.nle  '  "  _  MAT32:a7 

DO  2:  Islt^J  MATOCCdd 

dc  2:  jpi.nq  mat:o:89 

Nr<-:s  C  I  #  J)  s*  *  HA  TO  0  C  90 

NOPUMP<J>=.  "  .  *  MAT3CC91 

NPTP(I*J)  =  :  _  __  __  HA  T  3  C  392 

::  CONTI %Ut  .  HAT03C93 

DO  3C  J=1.27o  _ _  _  MAT00394 

C(J)=G.  -  -  -  MA  TO  0  0  95 

30  3J  l*i#SlC  _ _  _  _  HA  TOC  3  9b 

AMAT<I«J)S  .  ”  H ATg  C  2  9  7 

IBC(I)=:  _  _  HAT00398 

C  CONTI  VJi  H4TCCC99 

READ  <M.IN,L09:)  3mA<  ,  TP  ATI.NYPIPE,  SwPIPE.PIPE"  MAT00133 

fW9R"s  A,  j  HA  T3C  101 

IF  <H!\>C0iT.C3. . )  30  TO  AC  _  HATOCIC: 

r e a o  «k*rNti9::»  (■luiiI9,worh*i»nci  '  hatooioj 

WRITE  (  HOjTi  1  :  )  ((  I.WL<  I)  )  tI  =  NNCRM*l  ,NQ)  HAT33134 

►  :  R  E  AO  <HI\#,37  *  “XHCIT, HDEVMX,LIMeAL*SlMflAL  N  HAT001C5 

IF  CNCLAD^.CG.  »  . : L  A  s  C  =  1  "  HArOCIOb 

**?  T  TE  C*3jT»li.;i  \  Jt-wj#  IDMAX* lOMINfNG«NEM£RGf  NNOR M. NSC JRCC * \EX “ A V  MAT  0 3 1 C T 


1 «  NP  UMp  tNVLiNST 

w“ITE  <H03TtU::i  3"A*,  IRATEfNTPIPc  .SVPIPEf  PIp£M 
if  <npump.-;q. : i  go  to  93 


•  INPUT/CUTP'JT  »UMP  DATA 


RE-'O  <*M*:*1Q7:j  ^T-»UMPtSVP,JKP,PUMP.EeF,POkCOST,PDMPM,PCDIFF 

-kite  c-ouTii;:.) 

WRITE  TMOJlfll**;!  MrPUMP,SVPUMP,PJMPEFFtPOwCOST,PUMPM,  PCDIFF 
*•••  H p  AD  IP.  DATA  FjR  EACH  PUMP 


WRITE  *  MO  J  Tf  1 1  >3)  _  _  _  _  MAT00120 

DO  5:  Isl.NPUH?  HAT03 121 

RE  a:  (HIN*i:.C  »  K  *pMHK)  »mPMIN<KI  »HPMAX(  K)tLPUCRIT(K)  *PPJMP(K>  ,MAta3l22 
1  HSTART(K) «?UMPF(K>  MAT00123 


MA^DC 108 
MAT33139 
MAIOSilQ 
hat : : ; 11 
HATOC112 
MAT  0  3113 
MATOCll* 
MAT3C115 
MAT33US 

mat: c ii7 

MATO  3 118 
MATO  0 1 1 9 
MAT00120 
MAT00121 
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r 


IF  (  NO  •  *iT  •  1  )  READ  < MIN, 98C >  ( (PCONC I » J) ,LPCON( I » J) ) , J=1 ,NQ)  MAT0G124 

IF  CPP'JMP<  r  )  .uT.  PPUHP(I)si.  MAT0C125 

READ  CHlNvlieO  (  CLP’JMP  <  I  ,  J I  »  OPUMP  C  I  »  J »)  •  Jsi  ,  NO  )  MATC3126 

READ  (MIN,:25C)  t  P’JMPHRC  I  ,J>  *  U=1  ,NG  )  MAT30127 

WRITf  (NOUTiUH.rJ  <.«PML(K)  »HPW[!W(K)  ,HPMAX(K»,LPUCRI  TtK)  %HSTA«U1AT3C128 


1  K> 

3  CONTINUE 


COMP vrr  LOAOlNu  CONDI  TONS  DATA 


8" 


00  70  Jsi«*lQ  .  _  __  _ _ 

DC  iC  IslfMPjMP 

-PIT-:  <MClT*1?0:»  J.I,LPUMP<  I.  j>  ,3PUMP(  I,J),PUMPMR<I,  J) 

IF  <L?UMP(  I»J>.£3.:>  GO  TO  93 

IF  (  PPUHPC  I)  ,iiT.l  .  )  WRITE  CMOLT,il90>  PPuMP<I> 

NOPUMP < JI=NG®JM3( J)*l 
CONTlKoi  _ 

continue’ 

3UMACMrS( < IAAT: • ( l.^IPa  TE> ••NTFUMP)/(  ( I.*IR  ATE) ••NTPUMP-l. ) ) .( l.-ihATCCloa 
1VPU“P >* IRATE* GVPUMP  M4TGJ143 

.  .  mat:ci*a 

•  INITIAL  Data  FOR  LOOPED  NETWORK  MAT32H5 

MATOCiAo 

READ  (Ml»t12i: )  RSC ALE. ALPHA .uOMAX ,GR A T I 0.G2MC0ST . SZHP£R . MXFLC I T t MIA TC C 14 7 


MATOC 129 
MA  TO  3  1  30 
MATO  3 1 31 
MATC0132 
MATQ0133 
MAT0C134 
MAT00  L  35 
MAT3313e> 
"AT3C137 
MATD:i3i 
MAT3C139 
MATCC14 : 

ma  r: o  i4 1 


IXLPIT 

WRITE  (MCJT.122:)  MXFlOIT.MXLPI t 
WRITE  (MOuT.12:;)  AL.Pma.DOMAX.  orati  o 
c 

c*.*..  AH01T13NAW_EXCAVATI0N  COST 

c 

IF  (NEXCAV.C3.  .  >  '.D  TO  ICO 

DC  9r  ML  =  1 »NE XCA V 
9:  READ  (“IN, 124.)  LL.EXCAVF(LL) 


••  valve  location:  _  . . 

:  IF  (MVk.G7.0l  READ  (MIN. 983)  <  ?VL( I >  » I =1 *Nv L> 

•«  A\NUAl_  CAPITAL  RECOVERT  FACTOR  COMPUTATION 

STOICPFs( IRATE* < 1 • ♦IRA TE)**NTP I P£>/( (1 • -IRA TE)**NTPI PE -l.) 

PIPACRF=STOACRF.(i.-svPIPE)^IRATE*SVPIPE 

IF  (NST.EG.O)  jO  TO  120 


CC i T  FOR  ADDITIONAL  storage  ELEVATION 


MAT;:i4a 
MATO  C 149 

ma  r  g  :  i  sc 

MATCC151 
MAT  0  3 1 52 
MA  T C  C 1 53 
MAT00154 
-AT0C155 
“AT33156 
mat:ci57 
MATCC138 
MATC0159 
MATCGlbO 
MAT0C161 
wAT3Cle2 
MAT  0  0 1 b  3 
M  A  T  3  C  1  b  4 
MAT001i5 

MAT 3C lob 
MAT0Clb7 
MATCClbd 


READ  (“IN.  125"  I  ((  >TC'iSTCX)t  STMAX C I  1 > 1 1= l , N$T> 
WRITE  (  MQlT  .12-..) 

OC  li:  1=1, NST 

lit  *°lTr  (MOuT.lZ^  ;>  I.3TC3ST ( I).STMAX(I) 

123  CONTINUE 

WRITE  (MQuT,l2r3) 

c **• * •  pipe  cost  (0y  Class > 

C 

OC  13'  Isl.IOMAx 

do  nr  j=i . ncl *ss 

TAP. (  1 .  J  )Z1  •  3 1  •  u  *  •  ;  .29) 

WRITE  (MOJT.12H?)  I,TA8(I«J) 

123  CONTIS? 

WPTTE  (’•CjTtnCJ 


MATOOlb^ 
MAT331 73 
MATQC171 
MAT00172 
MAT00173 
MAT001 74 
MAT03173 
MAT031 7b 
MAT  3  C 1 77 
MAT  C  3 1 78 
MAT 0  C 1 79 
MATC318C 
MATC3181 
MAT30182 
MAT30133 
MAT3C184 
MAT  G  C 1 85 
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c***##noce  & r a 
c 

READ  f^lN.^SC)  (SOURCE! I >*1=1#NS0URCE> 

00  X*:  Iri.NJ 

REA*  <HIN  #12*01  KtELV(K)  »  (Q<  K,l)  #1=1  *N0> 

READ  (NIN,13;C>  (  PH  (  K  #L  ) tU-1 #N0 ) 

WHITE  (MOUT#;3l3)  K#ELV(K)  #<PR(  K*L>  #L  =  1#  N5) 

i*d  continue 

-RITE  <HO-T»13:0) 

DC  15;  I=1*NJ 

WRITE  (MOUltiS**!)  I#  (DC  I#L>*_L  =  1  #NQ> _ 

150  CONTINUE 

if  < rrwQoi :.ne. 1 1  go  rp  zee 

c 

c***.*  CALCULATE  initial  tree  clow  distribution 

DO  16!  1  =  1. NJ-*  _ ___  __ 

do  if:  jsi .No-:  ' 

A  (  =  __ 

1 9  C  CONTINUE 
N*NJ-1 
k=  ; 

c  __  __ 

I  NOE  X  Rm’S  A.JD  SOL  JT  ION  VECTOR 

c  _ 

C C  l 7 C  I = i • NS 

K=K*I 
IO*MK)  =  I 

170  CauUKUS  _ 

c" 

C##*--  *_■:  hr,  COEFFICIENT  NATRIX  __ 

C 

RE  A  0  (HlN#i3a2>  C  (  I#  A(  I  •  J>  *L#A(L#jn  #J  =  1#NJ-1  ) 

DO  le:  1=1 *NJ-I 

WRITE  CN0UT,l3f:i  (  ( I*J«A(I«J)> #U=1#NJ-1 > 

in:  continue 
c 

C##**»  Cc/NV  t3  T  BACK  T  0  ”  P  *  I  N  A  K  T  LINK  NO. 

C 

DP  15:  K  =  1  t.NJ-1 

DC  19'.  J=itNO  _ _  ___  . 

Q  (  I  D  N  (  K  >  *  J  l  =  ,  (  K  #  J  ) 

Q(NJ#J>=0. 

19C  C0NT2NJE 

2?:  wfite  <nojt«  nz;  > 
oc  21 ;  ix=i.w: 

NQI AM<  1 1 )  :^Ci4  •. 

Is  IT 

C  __  _  _ _ _ 

^••••section  data 

C  ...  , 

READ  (ItNfliiD)  PI»£(I),ALU)»HW(‘n  *IDN<  1 > , IOX ( I ) # I  CL  ASS (  !  > 
IF  <  I^LOOID-NE  •*.  )  READ  t.MtN*13CC>  I0<I,L)»L  =  1*NW> 

IF  (ICHSS< I l.El.OI  I C L A S S ( I)si 

2i;  continue  _  _  _ _ __  _.  _  . _ 

IF  (-CRASH. EQ. * )  00  TO  230 

oc  2::  isi ,ns  __  . . . _ 

PE  AO  (>#13711  <3C K«L» #i-=l*NQ> 

22  3  CONTINUE  _  _ _  _  _ _  .  _ 

REAO  (8*11201  Mli>N«U#  I2X(L>»NINIML>#HAX0(L>  I  tLal.NSI 
2 ir  DO  2*0  1=1 »NS 

IF  C^CHASH.Ej.  2  >  NlNOCDsIOMIN 


MAT001b6 
HAT00187 
NATO  C 188 
NATCC189 
mato:i9c 
NAT3C;9: 
HA  T  Q  Q  1 92 
HATC2193 
NAT3019* 
HAT  0  0 1 55 
HATOOtRf 
HAT30197 
NATO  319R 
MAT00199 
NATO C 20  I 
*  a  r  o :  2 :  i 
-Aroi2iu 
MAT03203 
hatoos;* 
NAT2C2 05 
MAT0C206 
HAT JC2C7 
hat::2Q3 
MAT  3 0289 
HA  TO  C  2  1  0 
NAT0021I 
MAT00212 
HAT00213 
MAT0C214 
NATO  021 5 
NATO  3  216 
NAT0C217 
HA  TC  02  16 
MAT0:219 

mat;c2c: 

HAT20221 

-atc:::2 

MA  TO  3  22  3 
MAT  0322** 
NA  T  C  3  225 
NATO  0228 
NAT  0  0227 
NA  TO  C  22  3 
NATO  0225 
MATC  32  33 
MATO  0231 
nat:;2:z 
NATO  0233 
MATC323* 
NATC  3235 
NATO  0  236 
NAT0C237 
NATO  0 238 
NAT00239 
NATO  0  2* 0 
NATC  32*1 
HA  TO  3  292 
NAT0C2O 
HA  TO  C  2 ♦* 
HAT032A5 
HA  TO  0  2*  6 
HA  TO  0  2  A  7 


i 


415 


IP  (“CKiSH.f  ...»  NAX3< n alOMAK 
IP  (IDNCD.L1.  >  MINO<  I)  =IAbSCICN(  I  )  ) 

IP  ClOX(I).Lr.->  M4xD( 1 1  =  IAbS( IDX< I >  >  _ 

ION<  I»sIArti(  191(1)1 

IDM  (  I  >  s  I  Ad3(  IDX  <  I  ) )  ...  _ _ _ _ _ 

ND=“  ‘ 

C 

C****«S>~L£CTION  IF  ADMISSIBLE  diameters  for  c ach  pipe 

C  . . - 

if  (  icm  :  >  .r  ?  >  igx<i>=iomax 

F  I  xfo'  CI-HCTup’  2H  Ll*J*  I 

IF  <  IOX(  I )  ..’VC.  ION(  I  >  >  GO  TO  240 

no=: 

NO  I  AM<I  )H 

c ( i t i )= idn< i j  ..  . .  . 

60  r  3  2  *0 
2ft  :  COM  IN  >. 

00  25C  JSltNPOIAN 

2( It JlsrLOATC I0N( I))*0PSPAC* •IFLQAT(J>-1.D) 

25:  CONTINUE 

ICX(  I  )  =  INT10(  I  »NOIA-<  I  )  )  )  _  ... 

26:  CONTINUE 

00  27:  I s I »N3 

LPE “ ( PI P£< I ) i =1 
c?o  continue 

. . „;p rrr  section  data  and  selectcq  diameters  for  each  pipe 

w 

3.0  2*"  I=ltNS 
NC=NCIA.NC  I ) 

WRITE  (MOuTtU?C>  I*PIPS(  I)  *AL(  I)*HW<  I)t  IDN(I)*  IOX(  I) 
i  «  (  C  {  I  « U ) «  4 2 1  t  NO ) 

29:  CONTINUE  .  _ _ _ 

write  CMOuTtlt-:) 

DO  23 :  1  =  1 *N 3 

WRITE  ( MO j  T  *  i  4  1 0  )  I»PIPE(l)t(5(ItLJtL  =  l*NQ) 

26:  CONTI'JE 

C.t..*  TYPES  op  PRE33UR'  CONSTRAINTS  . 

C 

NPr Q=- 
NSr  0= 

NL '  G=  ' 

\  p"0= 

DC  3:  l=;»no 

RCA.  <N[N«4j>  NOM*:q<  t>  |NCS£0<L  >  tNQLCOC  L  ) 

NHE 0=NHE3*NOHtO(L » 

IF  (L.II.NNJRN)  NNHC3=NHE0 
NSECsNCEQ^N  J-.COCL) 

NCI  3SNi.CO-NOLCO<L) 

L3A0C3L(l)sN5f*l 

NC0L2NCJ?UHP<  c)  *NVL*NUSEC(L)*NOLEO<L  > 

UOAOCCULft-l  )  =LOAOCOL<L)ft-NCOL 
L0»-vPTR<L)2LJA0C0L(Ui*N0PUMP<L)*NVL 
C 

C  J  WR  IT  E  <  NO'JT  «6  25 )L  tLOAOCOL  (  L  > 

C  1625  PDRMAT(/*  wOADCOL t • *  12  t • >*•» 12 ) 

300  CONTINUE 

NPC  OsN^E 0 NS £0*Ntr  3 


NATO  9  24  S 
MAT0C249 
NAT00250 
MAT0025I 
NA  TO  0  252 
NATO  0  25  3 
MATO  0254 
NATO  0255 
HAT30256 
NAT  0  0257 
MATO  3258 
MAT00259 
MAT0C260 
NAT0C261 
NAT0026C 
NAT0C263 

**A703264 

NA  T  C  0  265 
NATO: 266 
NA733267 
NATC02o8 
NAT 3  02:>9 
M  A  T  3  0  2  7  0 
natc:27: 
MATCC272 
MAT3C273 
NAT  3  52  7  4 
NATC0275 
MAT03276 
N4T00277 
MAT 0  3  278 
NA  TO  3  2  79 
Cl»ASS(  I  >  NATO  3  290 
MATO  3281 
MATO  0  282 
MA  T  0  C  263 
MAT3G2S* 
NATO  C  285 
MAT  0  C  29b 
NA  T 0  0267 
MATO  3286 
MATO  0269 
••A  TO C 290 
NA  TQ  0291 
NAT  0  0 2 92 
MATC3293 
NATO  0294 
M AT  3  C  295 
NATO  9296 
NATO  029  7 
MA  TO  2  2  93 
NAT  0  0  299 
MATO C  3  C  0 
MAT0C3C1 
MATO  C  502 
MAT0G333 
NATO0JO4 
NATO  Q  3  35 
MA T 0 C  306 
NATO  C  30  T 
MATO  0  306 
MAT0C3C9 
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DO  Si:  1  =  1 

MAT0031: 

00  312  *  =  1 1 2 

matocju 

IP  NC I |K )sj 

HA  T  0  0  3 12 

rstoRc i *kj  =: 

HAT0C313 

si: 

CONTINUE 

HA  TQ  Q  3  14 

!Hro< : >  =  i 

HATO 2 3  15 

IF  (NO.EG.i)  00  TO  3  3? 

HAT  J  Q  3  lb 

00  32*  l=C«NO 

ha  r:osi? 

lH-:^<L>=lHi3(L-t  >  ■*-NQH£G<l-1  ) 

HA  T  2  2  3 18 

22: 

CONTINUE 

MATC0319 

22: 

if  (ns:o.e )  so  to  350 

HAT0C32C 

ISE  3  C 1 J=NH£G»; 

HA  TJ  2 321 

IF  ("JG«  E0«  1  >  30  T0  3 5  J 

HATOC  322 

00  34-  L=«ltN3 

HA 733323 

I3c.J(L>-I3£!  3  (  L-l )  *N3SE3(L»1  ) 

Hir3C324 

3* : 

CONTINUE 

HATQ0325 

35C 

IF  <NLi3.E*«C>  30  TO  *®<0 

"AT0G32b 

il  .0( :  i  =  NH-;a»NDEi.  ■. 

MAT3J327 

IF  <N«*EC. 1>  30  TO  3R : 

HATQ : 323 

or  3=:  L=2.NG 

hat::329 

lLr0CL>=ILi3<L-l)»NQLE0(L-I > 

HAT3C33C 

3bC 

CONTINUE 

HATJ2331 

DO  37?  1  =  1, NG 

HA  TC  3  332 

IF  < NGhEQ(L) .lJ.: )  IH£G(L)=C 

MATO  3  3  33 

ip  ( N33£atLi  .ea. :  t  isejilh: 

MAT:C33<p 

if  iNa^-.a<:_i.E3.:)  lL£a(L)  =  0 

HAToaa’? 

37: 

CONTINUE 

HATO  3  33b 

3d: 

.SITE  (MOuT.PSC)  NP£3.NHE3.NSia.NL£Q 

HA  T  3  3  33  7 

c 

mato : j Ja 

c  •  •  *  • 

•COPPyt:  SICE  OF  T HZ  COEFFICIENT  MATRIX 

HATCC339 

c 

HAT3:3h3 

LlNCCLf 1 >=LOAOCOL(NQ*1) 

HATCC341 

DO  3«:  I = 1 *NS 

HAT  3  C  34  2 

LI  NO  OL  (  1«*1>=LINC0L(I>*N&IAH{I> 

H AT  C  3  34  3 

3=>: 

CONTINUE 

HA  TO  C  34« 

NCVARS  =  ITNCOL(NS>«>NOIAH<NS> 

**ATC  0  345 

IP  (MAXwMtU.EO.l)  NDW4F SpNGVARS»NEMERS 

HAT: “346 

wburoh=npc 

M4TC;a«7 

IF  (NOT.OT.OJ  \3TROW=N0URO«*i 

HAT  0  0  34  6 

IF  (NPUMP.EG.O )  00  TO  430 

MA  TO  G  34  9 

c 

HAT  0  2  35  3 

(;•••• 

•  COMPUTE  MIN  ANO  Mil  HEAD  ANO  INITIAL  PUMP  COSTS 

MAT C  C J5i 

C 

HAT  0  3  35  2 

00  4K  1  =  1  ,NP JHP 

-AT3C353 

PML  ( I >  =  uR£!r  l  pml<  I  > ) 

"ATC3254 

oo  jz i » n 2 

HA73C  3-5 

HHI N < I  ,  J)  =  „ . 

HA  TC  C  356 

HMAA  ( X  «J»  =  9499. 

HAT  L  3  25  7 

MMIM(I,JIs3j:.»H»MIN<I ) *PUMPP t I >  «PPUMP( it/t 

•ATDEN*Q<PHL( I) « JHAT2C358 

1  1  • OP  JMPC I • J  > i 

HATOC 25 9 

IF  (HPMAKC I ) .GT. TOCC. 1  GO  TO  *00 

HATO  C  36 : 

HV.4XU  ,J  1=551.  •4PUX!  |.PumPF<X>  «PPyHPti  l/UHOtli>OIPXU!)  .JMATOCloI 

)«C®  JMP<  l ,  J)  I  _  _ _  ___  MAT3O3b0 

CONTINUE  '*  ”  MATOCJ6J 

IP  (MPMINd)  .LT.I  SO_TO  <10 _  MAT0036* 

K=l®UCHIT<I>  '  MAT333S5 

PUICOSTpPi/h:OST(  S<®Ml.<  I  I  ,<  I  •WPUMPl  I  ,K>7PPUMP(  I>.HMlN<IiK>>*PUH4NATCCJbb 

c»p»»PuMp<ti  >t»r0v3i7 

PMCOSTsPPuMPI  I  I  •  PlJNPM*rlPMXNI  I  >«gPUKP<  It*  )  .  .  MAT933b8 

ECOCTrPPUHPI  I»*.7»i.HPMIN«  1 I *POwCOS  T»PUNPMRC  I  •  K  »  •  8PUMPI  I.K)  MAT303S9 


WRITE  <®OuT, 113JI  I  .KtPUICOST,ECOST .PMCOST 
TI»C0SI=T I®COST.PUICO$T*PMCOST*ECOST 


MATO  0  3  70 
MATO  O  371 


■*  *A  \n  V 
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Z 

c 


CONTINUE 

•  COMPUTE  3UHP20ST  cot' ~ IC1.ENTS  F OS  BuOGET  ROW 

oo  42.:  t  =  i*^PuMP_  _ _ _ _  _ _ _ _ 

JSUPUCR ITCI) 

IF  CLP'JMPC  I  » J»  .£3.0  GO  TO  420 
KKSLGAOCOL  (  J>  ♦LPU*P<I  *  J>-1 

•  COMPUTE  CAPI  TAi.tM4INTL.NA.NCEf  ANO  ENERGY  COEFFICIENTS 


>UCCEF( l)sPPUMP< I )*3UMC0ST( G(PML(I ) * J)*QPUMP( It  J) 
Mtc&F/«sT a» r <  n 

IF  C1CRASH.E j. *>  JE4C  <rttl37:>  PUCOEF(I) 

OMC03T5UPJMJ(I) »PUMPM*WA  TQEN«C( Pml (I),j)*QPuMP( Tt  U) / (55 
( I )  ) 

h?s  J**COST/p  JMPM 

EC  OSTs.  74  o*  3  j*C33T*P’JmPhR(  I  ,  J  )  •  HP 


MATO  ?  372 
MA  TO  0  37  3 
MATC0374 
MATO 0375 
MA  TO  0  376 
MATO  0  377 
MA  TO  0  378 
MAT03379 
MAT  0  0  380 
MATO  C  361 
MA  T 0  0  382 
,rtSTA«rc  r  m*pumat::  383 

MATO  0  38* 
M A  T  0  0  385 


•POMPFM4TCC  58b 
MAT0C387 


AMAT(NjjRO«.KR)=PUCOEc(  ;  )  ♦pMCOSTt‘£COST 
WRITE  t *0<JI . 1** : )  I tPuCOEF ( I > tPMCOSTt ECOST 
42?  CONTINUE  .  . 

«3:  write  <*ojTf  t 

IF  CNHEC.GT.J)  -rite  (MO'jT,  14-90) 

I  =  - 

LQTR-1  ....  .  .. 

IOUP-1 
NO <  1 )  -  l 

44  0  IF  (IOjP.l-.T)  LPTRsL^TR^NOtLPTR)^! 

READ  CMINt^SOl  » rro, fOU°.NSrA«,«FINXStNLOAt ZP*tZSS 
IF  (! TYP. EG. 9*499)  GO  to  oaC 

IF  ( I  Ad  C  (  I  TYP)  ♦EG.  I)  NR  EF  C  \F  I N  l  S  t.NLQ  A  )  sNST  A  R 
IF  UDJP.NEtC)  GO  To  4«0 
C 

£•*•••  NON-r JPLICATlMl AO  PATH  CONSTRAINT 

t  ..... 

RE  AO  (MIN.980)  NO<LPTfl) 

NpLPTR^NO(LPTR) 

READ  (MlNt98C)  <iO«*>*<=LPTR*i*N» 

DC  #5.  «rLPTP*lt\ 

NO  C*  )  =*-KEF(  I Ab 3 (NOCK)  )  )  •  NO  <  K  )  / 1  A«S  (  NO(K)  ) 

:  CONTINUE 

IF  ( IA8SC I TTP) .EG. I)  NPTRt NF INIS.NLOA) =ITYP*LPTR 
IF  (IA^sc ; TYP) .NC.l )  GO  TC  *70 
N»*«C  NCINI  >t*NL  OA)  =  ITYP*LPTR 
if  (itvp.lt-:.anc.iom,gt.;)  reac  cmin*980) 

IF  (iTrP.Lr.J. AN5. rSS.GT.C )  READ  C*IN«980) 
l R  (MAXwMIN.Ew*: .AN3.NL04.GT.NN0RM)  go  TO  4  7C 
nr  I GMT=ELV(NST A- )-ELW( NFINIS>*PR<NFINIS*NL0 A) 

IF  <McIGHT.GE.: -)  GO  TO  47: 

DO  44;  K=LPTR*i.N 
NO<<)='MO(K) 
continue 

47:  IF  crTYP.E3.-l)  GO  TO  *42 
N 1 =LPT**1 
N?=LPTR*NOCLPTR) 

GO  TO  *80 

c 

C •• • • *  R  E  FE°  E NCl  same  HCaO  3ATh  AS  IN  LOAOING  IOUP 
C  _  .  _ 

4r;  if  ciapscitypi.ne.;)  go  to  49c 

NPTRCNFINI 3.NLOA )=tTYP»lA8S( NPTRCNFINIS. IOUP) > 

IF  CITy0.cI.3.ANQ.IPM.3T.J )  READ  CMIN.98C) 


MAT0039: 
MAT  2  C  391 
M ATC  Q  392 
M  A  7  0  0 393 
MATO  C  594 
MA  T  3  3  3  95 
MAT OC 396 
MAT0Q397 
MATOO  39R 
MAT  0  0  399 

m &too*o: 

MATQ04C1 
matc:4:c 
MAT004C3 
MAT  OC  *  0* 
MAT00405 
MAT0G406 
MAT0C4C7 
MAT  0  3  4  06 
MAT0C409 
MAT  0  C  4 1 C 
MATCC  4 11 
MATO  0412 
MAT004  13 
MATO  34  14 
MAT  3  04  15 
MAT  334  1  b 
M&OC417 
MA7Q0418 
MAT0C419 
MA  TO  0  420 
MA  TO  0 4 2 1 
MATO  04  22 
MATO  042  3 
MATCC42* 
MA  TO  0  425 
MA  TO  0426 
MATO  0427 
MATO  0428 
MAT  0  0*29 
MAT  0  0  4  3C 
MA  TO  04  31 
MAT  0  0  4  32 
MATO  ?4  33 


IF  ( I  7 YP «L T« 0 • a  NO • 1 3 3* 3 T • 0 >  REaC  CMIN.98C) 

IF  CTYP«£a«-l)  50  TO  44C 
VI = I ARCCNPTR  CNF INIS*NlOA ) >  ♦  1 
N2=NI*N0<  IA8SCNPTR(  MFI  NlSvNLOA)  J  )  ”  i 

•  •••'  C NFORCEO  PATH  constraints' 

490  1=1*1 

IF  (ICUP.EJ.C)  PPTrtC  DsUPTR*  ITTP/IA8SC  ITTP) 

IF  CIOUP.EJ.O  GO  ro  500 

IF  (  T  TYD.c**  i  >  PPTRt  D=NPTRC  NFlNlSfNLOA) 

IF*  (ITYP.NS.i)  PPTRC  I>rIAdS(PPTf?<NH£0*(IABSCITyP)“2>*NGL0»IDUP)  )  ‘ 
lTyP/lA°Sl ITYP)  _  __ 

Ni  =  IAHSC PPTR ( I  I ) ♦ I 

N;  =  IA''S<PPrR(t  M*NO<  IASS (PPTRC  l>  U 
5CC  IF  Cl  AM3C  ;  TTP>  .CO*  -3)  30  TO  SIC 

VST ARTC I >=VSTAR  _  _  _ 

NFTNI'JhC  IJSNFINIS 

51  C  NLCADC  1  )  =NtOA  _  ... 

IF  Ct 5*CNH£3*NS£0*1 M  J*ITC  (MOJT.1473) 

IF  (I • F  3 • <  Nrt  £  3  ♦  1 1 •ANQ«NSE3*GT . C )  m**IT£  (MOJT*14BO> 

•  •••CONSTRAINT  OATA,  1_NClJUIN3  THE  SEQUENCE  OF  PIPES 

IGI=NUACCI> 

URITE  (M0JT*I4A']I  VSTARTC  I  )  ,NF  InISmC  I  i  ,  I  QI ,  CNOC  J)  .  J=N1  *N2> 

8  <  I  )  =  C  •  _  . 

IF  <U*SUTYP1  .£1.53  \>0  TO  S5S 

no  or°  c i >=: .  _  ... 

IF  <IP*'.u£.Oj  :G0  TO  5':: 

p""AC  THE  pump's  AVC  REAL  VALVES  IN  THE  CONSTRAINT 
R£A0  (HIV. 980)  (IJ.VC  I«J)*J=Tf  IPhT"  “ 

•  FITE  CmOUT»I5j:>  <  IPN<  I «  «  J=1  •  I p  MJL _ _  .  - 

‘  oc  32:  j=:»ipm 

Ksl A3SC IPNC l , J) > _  ...  - 

ICV=IPN(I#J)/K 

HC0*R< I  >=MC0rf«  C  r)-FLOATCISN)«HHlN(K*IOI) 

520  CONTINUE 

53C  CONTINUE  _  ........ _ 

IF  (  ISS-Ej.O ) ‘ GO  TO  5*0 

►••♦•STORAGE  APPEARING  IN  The  CONSTRAINT 

»£AO  (v:n#79C)  < I3T0RC I*J>i J=1 #lS3> 

mp  i  te  cmojt*i?;:>  cisro«< i*j),j=i* iss>  5* 

5*’-  CONTINUE 

•** . *CCMPUTATI ON  Oe  The  R.H.S,  Of  THE  CONSTRAINTS 

ac I  )  =  ELWC ViTAR r c I > >-ElV<NF IN ISHC I) >*HC0RR( I )-PR(NFlNlSH< I)  ,1 QI ) 

IF  (MAVUMIN«£0*:«AV0.NL0A0( I )  «6T . NNORM )  BCl)=b(I>*PR(NFINt$HCI)f 

;:> 

5s:  oo  5bc  j=ni*n:  __  _  _ _  „  .. 

L=I AflSC VO( j)  ) 

SN=cL0AT<Nj(  Jl/U 

IF  ( ABSCOCL* I Q I J ) •*f«l«C-7)  SN= SN* Q ( L *  I Q I > / A8S l 0< L « I - I > ) 

K 1  2 L I NC OL CL) _ _  .  - - -  -- 

‘  K2  =  «i-V0IAM(L>-1 
IL  =  C 


MATC0434 

HAT0C435 
MATC2  43b 
MAT00437 
HAT  0  0  4  38 

HAr:0439 
MATC0443 
MAT02441 
MAT00442 
“AT0044  3 

"6730*44 
-IMAT92445 
HAT33446 
HAT  C 0447 
MATOO  448 
M  A  T  C  0  4  4  9 
MAT00450 
MATO  0451 
MATO  0452 
MATC0453 
"AT03454 

MATO  0455 
MATCC456 
MATC0457 
MATCC458 
MATO  3459 
MAT00460 

MAT00461 

MATO  0  462 
MATCC463 
MATC046** 
MAT00465 
MAT0C466 
MATCC467 
MA  TOC  463 
MAT0C469 
mat: 04 :: 
MATC  04  n 
MATC 0 472 
MATOf 473 
mat: C474 
MATS : 475 
MAT: 0476 
MATO  34  77 
MATOC  47o 
MATC  0  4  79 
MAT  CC43: 
HAT00481 
MAT0C482 
M4T0C433 

MATCC434 

MATO  0  485 
I u MA  TOC  4  8b 
MATO  0  487 
MATO  0  488 
MATS  0489 
MAT0049C 
MATC  0491 
MATC  0  492 
MATO  0  4  93 
MAT00494 
MATC0495 
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C*****Ol&C  VARIABLES 

c 

00  56'  K:iU«k: 

LL=LL*i 

4MiT  f  I*K)=G^ADl(AHS(G(L*I3I)  >  tO(L»LL) |MW(1) ) • SN 

So :  continue; 

[F  < JPM.E --0 -ANO. ITYP.SQ. 1 )  GO  TO  59? 

IF  <  IP“.Ea.C.ANC.I4BS<  I  TTOl.GT.n  GO  TO  58  0 

C  •••  .  *Pu**P5  A  NO  VALVES  ELEMENTS 

s’c  57?'  JS1  .IP- 
k  = :  u  <  i  •  j  > 

KK  5  I  4d  j  (lO 

ir  ( lpomp ( kk , i : r ) .co. : )  go  to  570 
KKK  =lGA^C0LI  :  31  )4.f>UM*>«KK  *1  -31  )-l 

AMAT  (  I  *kKK)  =  K/K< 

57:  CONTINUE 
c 

'•#•••  ^jMvy  y  A  L  E  $ 

53  -  IF  C  I  T  Y D I  >  ;c  ro  59: 

*KK=L?*vPTR(I>.I> 

AMA  T  {  I  ,KKK  )  =  -i 
C ( K  KK  J  3P£NF  AC 
:f  ctyp.wT.G)  : ckkk >  =  :. 

LCMVPTRf 1*1) =LJ^V°TR ( t  2  E  > ♦ I 

5?:  if  ass.Ei.oi  jC  to  oia 

^•••♦STORAGE  ELEMENTS 

c 

co  g:-  j=  i t i sc 
k=i:tomi*j> 

KK=t A3GCK) 

4-i T  <  I  *KK  )-*</KK 

AM  AT ( N3JRO^»KKI=STOACRF*STCOST(J) 

g::  continue 

. . CHECKING  NEGATIVE  0<t>F0R  Pu*P S/ST  OR  A GES/ h EA 0  GAINS 

61  IF  (Bcr>.^S...>  GO  TO  L5G 
2G  62.'  J=l. NOVAKS 

oz:  ;r  (4*a r(  :»jj ,l r. >o  to  : 

-FITE  NSTA3  T(  I  )  ,NFI  WSM(  I  >  ,b(  I  )  .  I 

I  *  i  T  G  Ns: 

6-  :  j=*  .li.nc~«.( 

4"-T(  t  •  *  I  2  -A  M*  7 (  I  f J) 
d  <  !  S  «  -  h  (  i  ) 

:r  (i  typ.e  j. j  >  -o  ro  **c 
i  *  c  ( i » = : 

n*clac<  =  n* jL a:k  * : 

A*  4  T I  I  . NO v  AR  3*NMGL ACK ) =-l •: 

?•••••  AGO  POSITIVE  >cACK  V*.«_UES  FOR  RELAXED  LOuP/SOURCE  EQUATIONS 
65:  if  (pp-r<  i  i.gt.:  >  73  mu 

nr  "LAX  sNr  .  ^  A  *  1 

ANA  T( I , V3V4RS*N*SL ACK*NRELAX  tzl .C 
GC  TO 

651  -P I Tr  ( NO J T, i ; I ; 1  < ( w*\0< J) ) fLPTR) 

0?  67-  I=:,NJ 
OC  67*  jsl.NG 


NAT0G996 
MAT039  97 
mat: c  a98 
HA  TO  0  9  99 
MAT03500 
MAT035C1 
MA  TO  0  502 
MAT0C5G3 

MAT00539 

MATO  3505 
MA  T00506 
MAT0C5u7 
MATCC508 
MAT0Q5G9 

matoosi: 

MAT 00511 
MATC0512 
MATOOSli 
MAT3351* 
MATG3515 
MA  T  0  0  5 16 
MAT00517 
MAT0C519 
MA  T  0  0  5  1 9 
MATO  052 G 
MAT  3  0  521 
MATO  0  5  22 
MAT JC 523 
MAT0C529 
MAT30525 
mat-q:52o 
MATS  0527 
MATC:523 
MATC  0529 
MAT035SC 
MA  T  0  0  53  1 
MAT-00  5  32 
MAT30533 

MAT : 3  3  39 
MAT30  535 
MAT335  36 
MAT  0  053  7 
M4T3C52  9 
M  A  T  C  3539 
-AT  0  36*w 
MAT  305«  1 

ma  t  : :  5**: 

MATO  059  3 
"AT30599 

MAT30595 
MATC  359o 
MAT  0  0  5*'  7 
MAT  3  C  5  98 
MA  T3  3599 
MAT3CS50 
MATO  0551 
MA  TO  3552 
MAT0CS5J 
MAT3355* 
MAT  0  3555 
MA  T3  0556 
MATO  0557 


I 


i 
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IF  IN«:rIi,J» 

.£3’.0>  AIREFC  JtJlsNPiFI  I*l> 

MA  TO  3  558 

670  CONTINUE 

MA  T  3  3  555 

CO  68 '  JsltNO 

MATO  C  563 

WRITE  (MOUT«; 

s-*:>  u  i  *o,nptk(  : ♦  j>  >  ♦  is i j) 

MATCC561 

6M"  CONTINUE 

matc:562 

*r;te  (mojt#i;^3 

)  C ( I ,P°TR ( I ) ) 7f=l «NPEQ > 

MA  T  0  3 56 3 

if  ( inter. Ea.: > 

GO  TO  743  _ 

mat ::S6* 

C?MP.')TE  INTERACTION  dE  T JEl  N  LOOP  and  PRESSURE  EQUATIONS 


call  second 

LOTftri 

k  :z2 


(statime) 


-atc isos 

MAT  33566 
MATO  356? 
-Af 305*3 
MAT20569 
mat:357: 
MATu  35  71 
MA  r:c  572 
MAT: 3573 
MAT  3  :57* 

-AT  3  35  75 
MAT3057o 


DC  73 ‘  J= 1 »  NO 

oc  72:  i  = j  c  j>  .  ii.~Q<  j  )  ♦\,ollqc  u>-i 

'OPTrf(  I-N«*:o-N3E3>=i. 

NC  CM  sC 

'•C  r;  3  *  =  L  .N0mC3<  J)*NJ*NOL£C  ( J> 

IF  j)  >  M  =  l  AH5(  PPTRUrt£3(  J)  »K-1  n 

I  -  ( K • G T .NQH£3< J) . AND.K.LE.N0H£3( J  >**w. AND.NPTR ( K -NOME 3 ( J* a T Q  3 5  7  7 

1  JO  TO  713  MATO  3  5  79 

IF  C \ T . N3HE  3 ( J  >. A  NO • * • LC • NShE  0 1 J  >  *NJ I  NL=;A3S(NPTR<*-NGMAT:a579 
i  i'.3(j)«jn  *«at::58C 

<<.  M.NGH-.OC  Nl  =  UdStPPTR  <  IlEQ<  J>MK-NCHEG(  J)-NJMAT3CC31 

«  | *x » )  maT3  3582 

IF  (*.«7.Y)HE3C  J)*No.AN0'.I.ES.lLC0tJ)»K-N2Hr0(  JJ-NJ-l  >  S0MATC:$83 


1  TO  7i:  .... 

s-In<= : 

JO  7;:  L  =  : A3S<PPTRI I  I »*!♦ I A3SCPPTR ( I ) )»NO< IASS<PPTT 
DO  69?  MsM  *1  ♦  Nl  ♦NOC  M  I 

IF  ( IA«3(N0CL> > .ME. IA9S (NO<M> ) >  GO  TO  b*?C 
NL I MK  =  NL I NK* 1 

LCO«(Kl*NLINK*i>5(NO(L)/NO(M)) *IA8$(N0<L> ) 

=>9C  '  ’  cjntinj: 

continue  _ 

i r  (nlinm-eo.  :  >  go  to  7*1 : 

NCOMsNCO*4*! 
lC0M<* . >=K*IhC3(J)-1 

Ir  (*.GT.N3H-:G<  J)  .  ANO.K,lE.NGmEO<  J)*NJ)  LC0M(M)S-C 

1  si  (  0  >  ) 

IF  C<\  .5  T.  Virt~  J)  ♦No)  ICJNCKI  >sK-N3h£l(J>-N.U*IL£0(  J>-1 

l:om<  k  i*: )  snlinf 

<:«*!♦ NL l NK*2 
7;  :  COM  l  N  u  C 

IF  ( NCOM.C I*  1  GO  To  720 
'  0PT-((  I-N-»v3-NS2  3I  sLPTR 

lCom(ldt«  >  =:jcom 
lptkskx 
f  1  s  L  B_T  «  *  i 
72'  ”  CONTINUE 
7V  CGn  TI  VuE 

CALL  M  C  C  N  2  <:N3TIM£) 

GTATI-ErENJTlMl-STiT  IM=  _  ... 

-PIT£  (MCJT,L=j:)  5TATIMC 

1  -R IT* (MOoT  »8m* )( < I »  E JPTRTl  > ) *  1 2 1  *  ML EG ) 

48*4  eO«KA  T  (  i;  «  *E  ^PTRC  •  •  12  f  «*  >S*  »  I  3  )  > 

S  .PiT-KMOJT.d  16)  <(  ItLCOPCI)  )*I=1*LPTR) 

4«c6  FORMA  f{  1C  (  •LC',M<  *.  13,  •)=•»  131  )  .  .  . 


NPC  ON= ' 

IF  (NPJMP.'O.- 


t  GO  TO  ?M2 


MATCCSfl* 
mat: 3585 
I)>)  MAT03586 
mat::587 
maT3  2583 
MAT0038? 
MAT0C590 
MAT::591 
MAT2C592 
MAT33593 
MAT:C59* 
MA  ra:595 

-noh-:  mato  :  o9s 
m  a  r  c :  5  -  7 
MATCC593 
-AT J0E95 
MAT::io: 
MATC  531 
MAroo^.32 
-AT20  60  3 
MA  T  0  OgO  A 
MAT  3  C  63  5 
MAT3063S 
-AT3G6:7 
MAT  0  C  63  8 
MAT: 063 9 
MAT3  3612 
MAT33611 
M  A  T  3  3  6  12 
MAT  3  3613 
MAT0C614 
MATO  36  1  3 
MATO  C  616 
MAT03617 
MAT  0  0  6 1 8 
MATC0619 
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. . CCMO'JTE  =>jmp  CONSTRAINT  COEFFICIENTS  ANO  RhS  ELEMENT 

C  .  .  _ 

NPCON- N9U*0U*NST 

oo  7"*c  j=  i  «no  _  _ 

if  (\a?uMP< j) .eo.:>  go  to  tTz 

DC  76C  lal.NPUHP 

CMEC<  e0R  NEEO  r OR  CONSTRAINT 

IF  ( LP  jHP ( I  * J) .:c. : )  . GO  TO  76: 

IF  < NG.EO.I .ANO.hPMAX < I) .OT.9COO.)  GO  TO  763 
IP  ( «PUCKIT( I > 0*C. J)  GO  TO  75C 
:c  ( HPMAXt I » *GT. 5C0C • )  GO  TO  75G 

H£>  ■40'J\J  ON  CRITICAL  LOAOJNt 

r 

*  \°C0'4=NP  :on*: 

*2L3-»0C3l<  J>*LPJMP<  I  .  J)-; 

A»*AI(NPC0N»O  =  yATDCN«0tP*iL(I)*J)*CP'JMPtI.wi>-PP0^0(I>/<55 

1  ^  HPC (  I  )  ) 

*  (  NPC3N  )  =  -iPMAX(  ;  )-HPMlN(  I  J 

75-  :e  t pcon< : # j».e )  go  to  7*: 

l"*GICA1.  HIAO  JPP.^  dOUNO  CONSTRAINT 
r 

V°C  ONs  np  con*: 

C JAJCOLi J>*L3JMP< I • J>-. 

<:=l jac: jj  lpco\‘<  i* j) >♦u°uMp{ pcon(  uj>*l°cgn<i.jm-i 
a*a~  <npcon»k; ) =:•; 

»mat  (np:o*4«k2)s*i»c 
u ( N°CON I  2  . 

7  o .  CONTINiic 

77:  CONTINUE 

NPC0N-*.P-3N-N.hu*<0J-NST 

CCPPJTC  RHS  -0^  maxImj*  STORAGE  iEIGmT 

c 

7a;  :e  <v;t.£j.o>  go  ro  a:: 

:c  7s:  jsi.nst 

B(N 3T*0rf*J-. »SST MA« c J> 

A*: T f Ni TR 1m~ J-  l  ,J >  =  i  .  : 

7  9"  C3NTp.tr 

. .  a;c  !'-»alanc:  constraints  ?or  relaxes  loop  equations 

c 

•j " :  if  <N3  L*x,£i,  i  go  to  a: 

KK  -  NP5-.  ;*NG*NSr  *NPC  JN*! 

oo  a::  pnmew f np.g 

IF  (  P®  M«  I )  *oT.  :  )  30  TO  62^ 

KK  :*K*i 

oc  “i:  j s:.7,w 

IF  <  I#Q*.U.riC  J)  .ANO.ULE  .IlE3<  J>*NGLEQl  Jl-I  >  LSJ 
IF  (  i.  Gt.  I  SC  U  J»  .ANO.  I  *LE.  ISlOC  J>*NCSEG(  J)-i  )  L  =  J 
Si:  CONTINJ* 

KsL0A0C0L<L>-N*Pj"O<L>*Na$E0(L>*I-lLEa< L > 

IF  (  I  .LE.  NMt.  T*NGC3>  K  =  LOAOCOL<LI*NQPUNP<L)*I-PCa<L) 

AMATCKK  tK »sl.O 

AM£ r  <  K* *N0*ARS^NNSLAC<*KK  >  =  1.0 
9<<<  >=c:m3a_ 

IF  <  I.LE..MH-.  4  +  MC29  8(KK)5SI^*6AL 

%z:  CONTINUE 


MATQG623 
MATO  062 1 
MAT  30622 
MATO  0  62  3 
MATCC62* 
MATO  3625 
MAT03626 
MAT00627 
MATC0628 
MAT00629 
MATCC63C 
MAT0063; 
MAT 0  C 6 32 
MA70C633 
MAT9063« 
mat: 3605 

MATOC  636 
MAT  3  C  63  7 
M  A  T  0  0  6  3o 
•®^AT:3o39 
mat: Ooa; 
mat: :o*: 
mat: :»r2 
MATCCoAi 
mat::s*»<. 
mat::6*5 
mato:®«6 

mat: 

MATC0o«8 

mat:;6*  9 
MArotbb: 
mat::65i 
MA  T  3  0652 
MAT  33653 
ma TOO 65m 
MAT9C655 
MAT0:o56 
MAT0C657 
MAT3Co5^ 
MA  T  3  3  65  9 

matoo6»: 

MATC  3aol 
MATCOoSJ 
mat: :6o j 

MAT  0  :  ao* 

MAT::s9i 

ma*::s66 

MAT036o7 

M  a  t  :  3  »6  •; 

MAT3  2  as) 
MA  TO  3671 
MA  TO  C  •  7 1 
MAT: Co72 
mat: :67i 
MAT3?67M 

mat: :675 

MAT::67b 
MATC3677 
mat: :*7* 
MATO  0679 
MATS  :«33 
M4T03661 
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c  *  ••*  •  compute  : ;2£  3?  coefficient  matrix 

c 

■>3'  NMCOyC-NP-:  i*NG*NSr*NPC'»N*  1  *NR£LAX 

NMCOL3=NDW ARS*N“SLACK*NM«0„S*NRtLAX 

NPSLACM  SNH-.2-N**  ,lACK*NPC3N*NSTM*NRELAX 

NARTsnmslaCK^ng-.nl^NSE  J-NRElax 

dPITE  (MOOT.lir?)  NOVAR  S.NPSLACx.NMGLACK.NART.NhEO.NSEO. 
1  T  t  N  PC  *>N  «  N*  EL  A  a  ,  N MR  D.  3  •  NMC  3  L  S 

C»***.3£CT!ON  LENGTm  CONSTRAINTS 

i  :  -  no  “  : 

DC  05:  1  =  4. NS 

:c=icl4ss c  r  > 

1 1  = ;  l  * : 

Jl=LlNC JLt l » 

J2=lIn-^LU  i-njIAMC  : 

l=  '  ...  __ 

DO  jaC  JSJI.J2 
L=L*1 

a  “  a  t  <  i ; « j )  s  i*  • 

I 0=0  C I .^  ) 

-MAT  (NdUftOu*  jy  SOI  PACO r  *  C  T  At!(  10.  IO^tXCAVF  (  {  )  )*PTPC 
1_  1/5283. 

04“  CDNIINU- 

9(  I1)=Al<I) 

• 8bc  continue 

N^  iLACKsNMvL  AC<*NP*:lAX 


c 

. . hLlLDlMG  THE  COEFFICIENT  MATRIX 

DC  Si:  I=1.NMR0«S  _  _  _ 

j=n^var3#nm:lack* i 
if  uectii.o.:)  ct j>=»enfac 

IbC  < 1 1  =  J 
A«ATCI.J)=1. 

IF  (  I,  .LT.NBURO-I  C<JI=PENFAC 

I-  (  !  .GT. NP- GJ  GO  TO  96: 

«4'  CONTINUE 

CC  NOvas  3)si.«; 

5(NBvv%’I*-» 

4»»iTl\-*UROrftLlNCOL<:j3)*N3X  AMINS)  >  =  -l  .0 
I*  <“A**M»  iO  7 C  95c 

. .  :  "MD  w  r  c  object:*-.  function  coefficient  sure  la  ted  matrix  elements 

:C  87"  J2.NNOQM-1  ,  4  ) 


MATGOoac 
MAT3C683 
MAT00684 
MATC3685 
MA  T  Q  2  6  3  6 
MAI  0  C  68  7 
M  A  TG  3  888 
nl£0.ns.n5mat;:o<h 
hat: 067C 
M A  T3  0  691 
MAT30892 
MAT03693 

MATCC694 
MATCC695 
MA7GCS96 
MAT33S97 
MAT3  269a 

mato:3?r 

MAT  3 3700 
MATC : 701 
'*at3:?:2 
MAT0273 J 
MAT0C73  V 
“•FLOAT  C IDMATCC7C5 
MAT3C  706 
MATC0707 
MAT03  708 
MAT0C739 
MAT0071Q 
HAT0S7U 

mat:: 7i2 
matcotu 

MAT0C71* 
MAT03715 
MAT3C716 
MATC0  717 
MAT0C718 
MATC3719 
MAT0072C 
MATCC721 
MATC: 722 
MA  TO  0  7  2 3 
MAT0C72A 
MA  T  Q  C  7  25 
MAT  C  3  72a 
MAT33  727 
MAT30  728 
MATO : 729 


Cl  f.  '  4  AR3-N0*JJ  =  -*L  (  J  > /PSC  ALE 
87?  c  c  \  t  r  \ 

:  <  L  I  \  :  Ol  (  N  4 )  *nlD  I  A M(  N  s >  J  =PENF  AC 
M  (  *.  BU<*  OKI  AX -7  I^COST 

90  :  1=1  » Nrl ■  ^ 

9J"  J  =  V*ORM*  l  »NG 

IF  (NLOAO< I ) .£3. J)  AMAT< I »NOVARS-NQ*J  )= 1 .C 
iM:  CONTINUE 

. .  PRESSURE  EaUATION  SCALING 

C  __  _ 

R9 .  00  9  2  ~T  =  t  .NP:"i 

9( r )2p:cale*8(  : i 

00  9C “  J=LINC0L<1) .LINCOL(NS) ♦NO I A M<  NS ) •  1 


MATO  2  730 
MAT  3  0  731 
MA  TO  0  7  32 
MA  TO  0  7  33 
MAT  0  C  7  34 
MATO  0  735 
MA  T  0  0  7  38 
MATO  0  7  37 
MAT00738 
MAT00739 
MAT0C74C 
MATO  3  74 1 
MATO  3  742 
MA  TO  3  74  3 
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6  T  c  :  I  JJsP^CAL:  • *MAT<  t  .U  > 

::  continue 

***  STORAGE  4 NO  ?vJ*P  SCALING 

IF  <NST.E_3.a.A:.O.NPCON.EQ.':>  GO  TO  92  C  ” 

DC  91  :  :=\.-HJrtJ**  l  .NMROUS_  _ 

at  :  1  =PJCAL- *t4(  I  ) 

U  CONTINUE 

2:  oc  9i;  j=: .lincclci) 

Aha;  (  N  8  UR  0  w  •  J  )  =4M4T  (  M8U  9  0  »  «  J  ) /P  S  C  AL  Z 

z:  con  ti  yje 

if  ?a  n  fl5C 

•«  i  T“  <-cjt,;o3'>  (<  i«ac  ii  >  tisuNMKoyci 

wf  r  t*  f  moj  r* is  »:  >  t t  u.ccjj  >  ♦  u=:  *nmcgls  > 

OC  9«* .  1  =  1 

00  94'  J  2 ; «  N  MC  3  L  S 

IF  (  A83  t  AM4  r  <  I  *  U»  )  .  jf  .1  .£-/  )  WR  I  TE  'W0UT,ltC:> 
•  *  CONTINUE 

c~ll  ex it 

5:  CONTINUE 
8  f  T  UR  N 


*  J.AMAT  (  I  • J) 


MAT00744 
MATOC  745 
HAT3G  74b 
MA  TO  3  74  7 
MATQG748 
MA73C  749 
MAT:0750 
MAT3C751 
HAT  0  C  752 
MATOC  7b3 

HATCC  754 

HATO  0755 
HA  T3 . 756 
MATOC  757 
-at:; 758 

HAT J 37 59 

-A73G  7oG 
MATCC  7bl 
-AT3  3762 
-AT02763 
H4T3:764 
HATCC  76r 
HAT:: 7ai 
HAT3C7o7 
hat: :?»a 
HA  T  3  C  ?  69 


F  C  0  -  A  T  (  2‘;A4,/1:A-*)  MAT3C7o7 

f cr  h a t  c  *  ,ih»  t :5**::a4,2(/)  ,  tox  ,23A4  f/5x,0:  (1h=)///)  MAro:7»a 

rStMt*  ( lb  15  J  HAT0C769 

FCphat  <l,h  MAXIMIZE  .CIGHTED  SUM  OF  MINIMUM  HEAD  NOOES  0V£9»32H  £haT0C773 
lH£9C£r;CY  LOADINGS  SUtoJ.CT  TO  MAXIMUM  BUDGET  LEVELS )  MAT3C771 

FG°MA 9  <5.H  C.'NJUGATE  GRADIENT  USED  IN  COMPUTING  DIRECTION  VICTOR) -AT3  C  772 
F0F-A7  (Hh  VivA77/£  GRADIENT  USED  IN  COMPUTING  DIRECTION  VECTOR)  -AT3S773 

fo-mat  i47H  d£.:  method  uceo  in  computing  direction  vector)  mat::??* 

FORMAT  (2VH  NO  INTER  ACTION  BETWEEN  PATHS)  MA  TC  C  ?75 

i  forma;  (47h  interaction  between  paths  computed  iu  gradient)  matgg77o 

:  FORMAT  ClH  SIGN  I-  LOOP  TERMS  in  GRADIENT  COMPUTATION  IGNORED)  MATJ3777 
■  FC-MA’  <//,7bH  MINIMIZE  EQUIVALENT  UNIFORM  ANNUAL  COST  OF  MATDC773 

1  '  OlSTRIiuTION  SYSTEM  */,9Ch  SUBJECT  TO  MINIMUM  PERFORMANCE  MAT0C77* 

:  LWM  at  selected  nodes  ON  EACH  LOADING  CONDITION  )  MATCC?*; 


10  7. 

F  "  *  M  ft  ’ 

MAT00781 

i;a* 

FCt  m;T 

TCt  jh  .3  AD  N0.«I2»27h 

obuECTivE  function  weight=*f,.3) > 

MATO  0  78  2 

lev; 

FORMAT 

(F13.  :,F-S.S«I5.2Fb.C) 

MAT3C  783 

ix?: 

F  S  HA  T 

(I*,33I“) 

MATQC7B4 

in" 

r MA  T 

i  1  X  »/2ta • ;*H  GENERAL 

QATAt/2bX»lJ(lHS)»/5X»43H  NUMBER 

OF 

MAT OC 785 

sect: 

ONS 

tlAf/5X,A0ClH*)/5Xf 43M  NUMBER 

OF 

MATO  C  786 

:NOrEC  tTA, /5X*6C<iM-)/5x.*3H  GREATEST  0IVMAK;78? 

:-r*E*  allowed  i  inch)  t2«'/54'»:ciM-)/5*«43H  smallest  o;  amemat:  : 763 

*T:°  allOwIj  (  INC*4)  « I4#/5X#bw  ( 1H-)  /bAf  *3«  NUMBER  OF  DIFMAT;:789 

EFt-iPNr  f  L  3W  DISTMBJTIONS.  14./5*  *SC<  1M-)/5x.<.1h  NUMBS*  OF  C-ERCEMAT  3  C  7  i  3 
6NC>  L'ACING  CDNlirrONi  *l4*/5X,fcC<ZH«)/5x, 43H  NUMBER  CF  NORMAL  L0MAT3G79I 
7  A  E  I  NO  CONDITION..  *  1 4  ♦  /EX  *  a  C  (  in- ) /5  X  «  2  Oh  NO.  OF  SOURCE  NOOESfMAT  33792 

RT * . 5* .3L< 1H-) /5 < « 3SH  NO «  OF  LINKS  •/HIGH  EXCAVATION  COST  •  3  X  * I5/5X*MATC>  793 
9b : ( 1H-) /5x ,4 Jh  NUMBER  OF  PUMPS  • I 4 « / 5 X . 6 M A T C : 7 94 

•:< lM-)/5x.-jH  VuMHiR  OF  VALVES  »l4»/5X*bSMATCC79o 

«•  3H  ,.1-SCR  3F  STORAGES  .I*,/bX.)  MAT00796 

:  Fc-MAT  (/5A,3*h  ANNUAL  TOTAL  8U0GET  fFlO.C t/5X,6MAT30797 

:c(  :h-w5x,-oh  Interest  rate  fF5.2*/5x*63(MATC079b 

21*—  Plr>_  life  IN  TEARS  *  14,/Sx«b0<  lh-)MATCG799 

J/5X#«».h  ai^E  SALVAGE  VALUE  RATIO  •  F  %  .  2/5X  ,63  (  1h- ) /5X  MATO  3300 

4fVH  PIPELINE  MAINTENANCE  CCST<S/IN/MILC/TR,F5.1)  MAT00301 

:  FQPMA*  (/::X*11M  P'JHPS  0  A  TA  * /25x  *  1 2(  iH=  )  )  MAT008C2 

:  FORMA*  </.30<1H-I/EX»2«h  pump  LIFE  IN  TEARS  *  I  5 • /bX • 63 ( 1H-MAT3 3 80 3 

I  J/5X«4-*h  PUMP  SALVAGE  VALUE  RATIO  tff  4.2/5X  *6C(  lM->/5MAT00404 

2M’3H  PUM?-M3T0r{  COMBINED  EFFICIENCY  «F5*2  ,/UX.bS  (1H-J  /5X«3«M  El£MAT0C805 


I 
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JCT^ICITY  CDST( i/K«-MA)  .F5.2,/5X,6C( lM-)/5X,3SH  PUMP  MA  I  NTEMA  t  C  0  $06 

.NANCE  CCSMA/rtP/TR)  ,F5.1./SX,S3<lH->/5X,39H  ALLOWABLE  EST/ACTHAT00837 

SjAl  COST  3  DIFFERENCE, ?5.C./5X>  _  MATGC808 

11$;  FORMAT  c  2 1 j»2PF.0.I5«iP5.C>  ”  MATO  0  8  08 

us:  fop“at  <  i ;i is. fa. 3> >  MAToaaic 

lire  FORMAT  (»3H  PjMP  HO.  LOCATION  ~hP  m  j  n  HPMAX  C/LOAO  HSTART)  MAT00811 

llo:  FOPMAT  ( 2( -X . I  3) , 2( A X.FS, ; ) , AX, I 3.FA.0 )  MAT00812 

in:  FORMAT  (  1»h  SjMP  COMPOSED  OF  .F2.C.18H  PUMPS  IN  PARALLEL)  MAT0C8I3 

120:  FORMA-  (9m  LOAD  NO.. 12. 9m  PUMP  N0.<I2.1AH  lOAO  PUMP  N0..IC.7H  GPUMMATD031A 

1=  .F7...17M  OPERATING  HOURS  ,F8.2)  HATC0315 

I’U  FORMA-  (3F5. 0.215)  _  MATOJoXS 

I22t  FORMA-  (»2H  MAaIMUM  NO.  OF  F LCw' I T ER AT  I ONS/ NET XORK  .I3./.A2M  MAX  MATO  0  8 1 7 

I  I»UM  NO.  JF  LP  I T£  <A  TI 0N3/FL0I.'  ,13)  MATO0813 


FORMAT  <j;«  INITIAL  3T£P  SIZE(GPM) 


s.FS. 1 ,/ ,3Ch  MINIMUM  ALL02MATOC3I9 


3Tt»>;it  *,F':.;«/»iGM  RATIO  FOP  MINIMUM  FLO  CHANGES, F5 . 1  ) 


ir»  * 

fP3  Mt  T 

( 1 5 . 7  F . ;  . :  > 

mato:32i 

125  * 

cr  °R»aT 

(  i  F  1 0  •  2 ) 

*AT3CM22 

-  a  a  * 

(//jX,»*m  ROJtriONAx  STO“AGE  ELEVATION  CQSMPER  UNIT  ELEV) 

•*AT0Gd2J 

STORAGE  COST  “AX  HEIGHT) 

^  4  r  C  C  32  <• 

12  7  “ 

P  0  =  M*  T 

< lx ./ // /I0A.I 0HPI»ES  COST, /10X ,10 (1HS) ,/,A8H  DIAMETER 

*<AT::a25 

1  uni: 

:cot( according  to  class>> 

“4TCC326 

1 : 

•  c  °  **  a  : 

( I3,S«,hF  10.1  ) 

HATCCS27 

1 21: 

t ?» MA* 

(////JCX.l’H  NODES  DATA, /C’X. HUMS), /,3o« 

MAT0CS23 

,/,35m  NODE 
ALL JMEO 


ELEVATIOHPRESSuSE 
,/«  6CH 


,/,3*“AT)C8C9 

L0A01M4T0C63: 


!  .OAC.  wJAOJ  LOAO*  LOADS  L3AD8.29H  LOAD?  LOAOB  L0AD9  LOADMAT05931 


« l ?  >  _ 

130  :  FORMAT  <  15  X.  rF  l  ; .  :  > 

1J1-  format  (1X.I3.5X.F-. 1,1 3(2x,FS.l>> 


MATO  0  832 
MAT00833 
MAT0083* 


132C  FORMAT  ( ////2-x  ,  1,m  iE:TI0NS‘''JATA',V22X,lA(iMSI,///22X,19MPANGE  MAT30333 
10F  ./Cx.LlMLINK  LINK  LENGTH  -C-  ALLOWABLE  CLASS. 1 OX,MAT:OS3S 

DRHCElICTED.OX.AChNO.  NO.  (FT.)  DIAMETERS  .10X.9MDIMAT00837 

3A«E TEAS . /22X , ! IH( INCME 3)  _  (INCHES))  MATGOSld 

l"l  3  :  FORMAT  (///.22-.17HC0N3UMPTI0N  DATA  ,  /  ,  6  H  NODE,  20  X,SH<  5PM),/,  I  OX,  MATO  0  8  39 
l»Rh  uOAOl  load:  LOADS  LDADL  LOADS  L0A06.33M  L0AD7  NATCOBa; 

2LOAO“  LOA07  LnA0'i:)  "  *  M4T508«I 

13*0  FORMAT  ( 1  A .IS, - A , 1CF 8.2 )  MATCDB*0 

1 32  £  FORMA'  <9(Sh  A(,I3.Ih.,I3,2M)s,f5.C))  mato;8A3 

1 3  3  C  FCmmat  CA(  IS.Fj.O./A.SJ.J),  _  MATOOSA. 

13).  FORMAT  Ca.SFIE.S)  '  '  NAT0D9A5 

138:  format  (tA.2F.:.C.!t a)  .  _  mat:08a„ 

13m:  format  ( 1 > ,2  I r.F 7 . 1,Fr. I ,2  I  a, Io»3x .4F3.0 )  MAT0CS.7 

l«0-  FORMAT  (///.22..27H  INITIAL  Fl;.  DISTRIBUTION  ,/,R0M  LINK  LINK  MAT203A3 

1  LOACl  ljA32  dad:  LOAOa  LOADS  LOA08.33H  LDAD7  lOAOhmat  0  2  Rap 

2  LnAD9  LOAD*  0  )  MA70:833 

l«i;  format  ( lx ,2  I j , T  Of  .1)  natoscs: 

1  A  2  FF3MAT  (1  =  FJ.-)  nato;S52 

1A3:  format  (2;x»31«  initial  total  cost  of  PUMP  NO. ,I2, 29-  CRITICAL  mat::r53 
I  LOACING  N3..I2./.I0H  CAPITAL  l  ,F8 . 2 . 9M  E  NCR  GT  (.Fb.C.IAH  MAINMAT5GS3A 

DTE  N  AND  2  J.F8.2)  MATOOSSS 

144:  FHPMAT  <«M  Pump  NO. .IsaIAH  COST  COEFFICIENTS. F8. 2, 18H  MAINTENANCE  MAT003SG 
:CC3Ts,FR.2,13H  ETjE»>T  COSTS, F8. 2)  MAT00S57 

1A5:  FORMAT  ( //5X ,r , -STRINGS  OF  PIPES  FOR  PRESSURE  OR  LOOP  C ONST RA I  NT SMAT; 1 359 
l./.sx.f O(IH-) ./3X.ARHFROM  TO  LOAO  NUMBER  ORDER  OF  SE CT I ONSM AT 0 0 839 

2.19X.1 LMNUMBER  ORDER  0F:.//2X.a9MN0DE,  NODE  NUM.  CONNECTED  RMATGOSi: 

3ET.EEN  The  NODES, 1AX , 2 GHPUMPES/ VALVES  STORAGES)  MAT00381 


1AS0  FO-MA-  ( IX.3I 3. 7X . A [ A./22X ,9  I  A) 
1A72  FORMAT  (IH  .UHLOOP  EO.S.I 

1ARC  F0»M4T  t IH  1 13HJOURCEJ . EQ.S. )  , 
1A9C  FORMAT  ( IH  .lAHHRESSURE  EG.S.) 
lSOC  FORMAT  ( 1M»,«: X ,AI a ) 

ISIS  FORMAT  ( IMF, 8 : x .21* ) 


NAT0088C 
MA  TO  0883 
MATGOSb* 
M A  TO  C  885 
MATG  0  888 
MA  TO  0  88  7 
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152C  FORMA  f  C15H  h£AD  AT  SOURCE » 14*  2  *M  LONcS  THAN  H£AO  AT  NJCE*I4*3H  9TMAT0C863 
Wr  .C  *32MNO  Hi.4u  GAINS  ON  PATH  C  ONS  f  R  A  I  N  T  •  I  4,  /  .  12H  EXIT  CALLED)  MAT00369 
153:  format  Cl-C AH  NO<,I 5,:h)=,I3) )  HAT:cS73 

1543  FORMAT  < 1 2 ( 4 rt.NP T < t l Z • 1 Ht * I 1 t 2H I l 2 ) )  MAT00871 

155:  FORMAT  C i 3 ( 5H®°T  R ( * 1 3*  2H )s  *  I  3) )  ..  _  MAT0C872 

156-  FORMAT  («JH  COMPUTATION  TIME  F  OH  COMPUTING  INTERACTION  A  RR  A  T  S  •  r  8  •  *»  M  A  T  3  C  8  7  3 
1)  MA  TO 0  9  74 

1570  FORMAT  C lX*////13Xtl3M  CONSTRAINTS  DA T A t / 1  OX  9 1 M 1 H= > , / 5X , 4 1 HNUH0E MA T 0  0  8 75 
CF  DECISION  VARIABLES  t 1  5* /5X ,38MN0.  OF  POSITIVE  SLAMA  TO  0  976 

2CK  VARIABLES  *  I3*/5X*3dHfJO*  OF  NEGATIVE  SLACK  VARIABLES  MAT::877 

3  . 15* /3X «  S3MN0*  OF  ARTIFICIAL  VARIABLES  9  I  5 . /Z X , 3 1HNUMB “AT  0 J B 7 8 

mER  OF  PRESSURE  EQ*S.  •  1 5  »  /  5*  «  3 1  hNUMBE  R  OF  EO9S.  dET-EEN  SOURMAT  0  C  d  79 

SCrStl  **/5x.3iHNUMr#rR  Op  LOOP  EG»S.  •  I  5  •/ 5X  ,  3 1 M  NUMBER  OF  maTGOBBC 

6LENGTH  CONSTRAINTS  • I  5 » / bX 9 3 2HNUMBE R  OF  STORAGE  HEIGHT  CONST  *  S«IMAT00381 
75« /5K* T 1HN JMBE3  OP  PJMP  CAPACITY  C ONS T • C » I  5 9 / 5X ♦ 3D HNUMHE ?  :F  LOOP  mat  3  C  882 
3SL a CK  CONSrRAr.vTS»;5,/5X,C9HSIZE  CF  COEF.  matrix:  RO-3, I5.9X, 7HMAT0C383 


9CQ  L  UMN  S  ? 1 3 )  .  ..  MAT::384 

15-3:  FORMAT  (B(3H  dl , i:,2H)rfGd.2> )  MAT0G385 

Ijp-  F  Qo  MA  T  (M(3H  C l  t I  3 » 2 H ) r 9 G8 • 2 > >  MATCSBBo 

1S:C  FOPMAT  (3h  A(»I3,lM9fI392H)=*F13.4)  MAT0C867 

mat::888 

END  M4T3:S89 


SUBROUTINE  PUMCHK 

COMMON  /PUFU/  J<  *;.4I  •  IBCt  1251  *NO(225>  tO<<*5'3> 
COMMON  /ANAT/  ANATU  1C  t275  > 

COMMON  /LOAQCOL/  lOAOCOL<4) 

COMMON- /9AJIC/  I3V( 3251 . lPlVCf25) 

COMMON  /BUF12/  PI  :il2Z)  f*F<45«3>«x  (J25> 


PUMJCCOl 

PUW0Q302 

PUH03033 

PUHOUCOA 

punoioao 

PUM0C036 


COMMON  /OJ^PA/  HPMtNO  »rt»MAA<5)  trtMIN<5*3>  *  MMAX(5*3)  ,LPUMP(5«J)  .LPPUH0CCC7 
iJCp  IT<  -  )  jP*JMP<  5)  *oMl<  S)  ,PUCGC-  (  *  > .?UMFhP<  5. 3  >  ,PVL(  1  )  PUHOOSCe 

COMMON  /PP.j MP/  PPU*«P<5J  PJM0C:2G 

CO"MC*;  /OPjMP/  iP'j^P(c«J)  _  PUMCCCIC 

common  /p u*ipc/  pumpf(»i  *'  ‘  p*jHo::ii 

CD“MOf.  /Pu^Pv/  PjMPCFr  t  PO-COST,  PUMP«,PCDIFF  ,  .  A  T  jEN  ,  PUM  ACRF  «  TIPCOSTPUMC  3  212 
CC"»ON  /*pir«IK/  NMRCw3.NMC3L3fNMSUACK,NDVA*S«NaJ«0b,MXLPIT  PUMuC:i3 

/N7IME/  N014CHG.NP;jMChK,NPL0CHG*NR0»PI  V  PJMCCjIA 

COMMON  /NJM9ER'  Ma^LOH  ,N3*Nd*NG»NVL«NPUMp,NST  »NCt.ASS«  \  Z  OU*  C  E  t  P  SC  A  PUM  C  i  0  i  5 
it£  ouiocoia 

common  /mout/  mVut.mis  pjkd::i7 

CC-MCN  /ST  AT  w3/  ILPPGP^*  I3SAD*  IFCOScL.  ILP  P-JM303I3 

p-j*-:3oi9 

pjm:j:2: 

PJMOC322 
P'JMC  3  2  2  2 

IF  <LPj*P<I,j|.M. '■•)  GO  TO'2:  '  PJMC222 3 

KSL^ACC  JL(  J)*LPJ-PC  I  »  J)  -  1  P!JMC::2^ 

ESTCOST=PjCC:F(l>*f  <(IU/PSCALCJ  "  PJMC3325 

PUI  COST  slo.  1  <t  •  P'JMACRF*  <  <  <  3(P*L(I  >  t J > • OP J MP ( l * J . *3 3 ) • <  < X < K > /PUM2 3 3 2« 
2  PSCALE>*HMIN«Itdl .S42>-< «G(PML< I ) • d ) • GPUMP ( I , J ) /PPuMP ( I > ) *• . PUMQ 2 2 t 7 
2  _  PJMOOC23 

PPC35TpPUMPH..Ar2£N*0(PML  ( I  >  *J)  •  JP'JKP  (  I »  J  >  •  (  X  (  K  )  /  P  3  C  A  Li  >  •  PP'JMP  (  PU  *3  3  0  29 


IN  T  EGE1  pml 
rjpMMCHKsr 

30  2:  :si«vpu*p 

jsl»UC9 I T  < l ) 


1 


u/(5*:^Pd^°F<i)  > 
hp=pmC03T/PjMPM 

ECOSTs. 7  A6»  PUMPER ( I , J ) * P 0 -CC S T • HP 
ACC$T2?JI:03T*PPJHP( I ) 

UPIT£  ('lOUT.ZOJ  I  .ESTCOCT*ACOST,PUICOST,PMCO$T,ECOST,hP 
IF  ( AC33T.wT.l.Z-2)  GO  To  23 

IF  (A«3<£SrC3S7-AC33T)/ACCSr.Lr.PC3IFF>  GO  TO  2Z 
ADJUST  9JDGE7  f<3.  COEFFICIENTS 
OLOrPUCOCFT I > 

IF  (M<2.3T.:.--M  ®UCJ£F1I)=ACCST/(X(K) /P3CAL£> 

WRITE  (  MQuT  t  ■*  C  )  I  t  JLO,PUCOEF(  I) 

OLC=tPjCOEF( I ) -0L01 /PSCALE 
I6?r«N- VAR5*NM AACK^N^UROW 
IF  (ISV(K).GT.'J  I**:tf(I«V<K))  =  . 

oo  :c  kks i  •  nmm &»g 

APAT(KK**OsAMATt  XK,K)* AMAT CKK»  I  ARY  >»OLD 
>:  CONTINUE 

N°»JMCHK=NPJ“CHK*1 
ILPp0PH=2 
::  continue 
9  Z  T  UP  N 


PJK3C32C 
PUM33331 
PUMO  3332 
PUMQ  C  C  33 
P JMQ  CO  34 
PUM0CC3S 
PJM2GC35 
PUMC3C37 
PU  HO  C  3  38 
PUMCCC  39 
PUH:a:-tC 

puh:  co<-i 

PUMGCC42 

p-jmcc:a3 

P  JHuGO**i 
P'JHOCOAS 
PU«3C 346 
PJMC:C47 
PUHiGO^d 
p-jMsac*.? 
PUM0C053 
puho  :  c  -a  i 
PUM00Q52 
PUMCC333 

-  FQPMAT  («^  PUHP  N3.,i:,9M  £  ST  C0S7,F8.2,  IOH  ACT  COST  s,  F  3 .2  *1  4ri  CAPPUHC  C  G  b4 
:iTAL  CnSTs,FA.i, iZ*  HAINT  CCSTs*F8*2tl3H  ENERGY  COST =♦ F0. 2 • 4H  mPs,PU«0:C55 
2FF  .2)  PUHO 3  05  6 

*  FORMAT  c:;h  P'jHP  no.  OCO  COEFFICIENTS  •F9.2,I8H  new  CCEFFIPUM00G57 

1CIENT  rfF*.2>  _  _  _  _  _  PjMCC:5o 

PUMO  0059 

EN?  _  PUMOCQoC 
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subroutine  report  repiccci 

C  CNMON  / 8UF1 1 /  0(45,4) ,IBC( 125) .NO( 325 ) .3( 45. 3 >  REPSi:02 

COMMON  /8CVEC/  8( ICS) . C ( 325)  REPCC003 

COMMON  /El/  IME3( 2 > . I3EG( 3), IL23( 3) .NONEa( 7> .N0LE313 > .NaSE3(3>  RZPOiOC* 
COMMON  /P  4  THl  /  NSTARTI  75)  .NFI:jISH(  T5)  »EP::C25 

COMMON  /PATH2/  PPTR (75 > .NLOAO( T3>  3  E  P  I  C  I  3 

CO“MON  /  NODE  1  /  PR( 2  9. 5  I .ELV( 28)  P-EPC:2C7 

COMMON  /N00E2  /  NPTR  (29  ,3  )  .NR£F(  29. 3)  .30U"CE(»  >  REPCGGO-i 

COMMON  /LINK/  AL( 45) «EXCAVF( 45) .Mw( 45  > • ICLAS3 (‘S  > .LINCOL (»5> .NOI AMREP;;C I T 
1(45). rAH(  3-1  #1  I  ,  I  ON  (45)  *  IO/(*5)  PEPIO.i. 

COMHON  /PIPE/  PIPE(45>  “EPCOGll 

COMMON  /STORE/  STC0S7( 7) , ST“»» ( T >  REPL0C12 

COMMON  /lOAOCOL/  LOAOCOL(A)  REPCCC13 

COMMON  /3 JF l 2 /  R I Z( 125 > .HF ( 45. 3 > ,*( 323 >  3EPCIC14 

COMMON  /FLOA/  30 ( »E ) .00 (45 > , ALFA ( 3)  REPC0C15 

COUPON  tt LOAD/  2L0  AQ( 1 )  REPCCCIr 

common  /2p-;n/  2P£‘K3)  repgcoit 

COMMON  /  Pu  MP  A/  HP“IN(5(.HO“A«(5>.H“TN(5,3).H“4X(5,3),L®’JPP(5.'t).LPAEPC::::i 
ucr:t( -  >  ,NaPup°(3)  ,p“.l<5)  .p'jcoef(S) .plpp-r)'. 3)  .p«l( :  i  =ep: ; :  i ’ 

C  3  p  P  0  N  / OPU "® /  aPU“P(3.3)  a  Ep0  C  3  23 

com«on  /puppp/  p up pf ( 5 )  rep::;2i 

COMMON  /PPUPO/  PPu MP ( a  REP0C322 

co»“9N  /matrix/  nmrows.npcols.nmslack.novars.nsuroj.pxlpit  rep:::23 

COMMON  /PREO/  NME0.NSE3.NLE3.NPE0  p-p:c:24 

common  /pu mpv/  pu mo eff .poo cost ,pum® m ,?coiff,watcen.pumacrf,tipcos:rep::c25 
COMMON  /NUMBER/  MXFLOIT.NS.NJ.NO.NVL.  NP'JMP  .nst  .nclass.  nsource  .  p  SC  AREPG  i  ;  25 
1LC  REP0-.C2T 

CO“PON  / POUT /  POUT, PIN  P-PC:C29 

CP“MON  /IMAT5EN/  IMAfOEN  REPG:I23 

COMMON  /STATUS/  ILPFORP, ISRAO. IFLOSEL. ILP  REP0C03: 

common  /ct i me /  tmatt.tnett.tflos.tlot.tlpft.tpumt.tsrat.toiat.tsavrepiicsi 

1T.TFL0T  R  £ P 0  v  0  3 2 

common  / flov/  ;floop.itfloop.itflo  °ep::c33 

COMMON  /PRICE/  PIPACRF .PIPEM.3T0ACRF  AEP5GG34 

INTEGER  PPTR, PIPE . °VL. PML  REPuCIIE 

C  !  “ENM  ION  A  al  (  5  )  .  OOP  (  5  )  *  LOPVPTR(IO)  REPIGCO-j 

Ic  (  I'.P.EO.C  .  ANO.  ILPFORM.NE.  1  .  ANO.  IMATSEN.  E3.C  )  00  TO  lj  “£R;.:3T 

WRITE  ("0UT.2-C)  ( ( I .R ( I ) ) . 1  =  1 « NMROWS )  REPIIIjA 

WRITE  <*CUT,2*:)  ( ( J.C ( J ) ) .0=1 . NMCOLO)  =EPItC3? 

if  < imatgcn.eo.;)  oo  to  i:  repcism: 

PETURN  REPCIG*! 

WRITE  ("OUT,  201)  T«tTT,TNETT.TFLCS.Tl3!.TLPFT.TPUNT.T3RAT.T0IAT.T?R:PC::*2 

ilot.tsawt  rep::;a3 

■  continue  reps;  :»• 

IF  (UNI* .11 )  2C.3-.232  RE“C;:*T 

C  REWIND  11  REP5CS49 

B'JFPE»  in  (11.0  (0(  1 .1  ).  3(45.  J>  )  P.EPC;247 


co*rmu£ 

P£PGCC*4 

I p  (  CM  T«  12)  *C.*3*23C 

pcp:>.:a? 

»*rflNO  12 

r£ps::5? 

ci2*;>  iPim>  #x(325>  > 

R£PC:C51 

rf*!TE  1 “OUT *2 7; )  TTPtOOP 

REPO  C  C5  2 

CALL  FLOScL 

REPCC.:3i 

CALL  FLOCHS 

REPGC35* 

DC  *C  Jsl.NQ 

REP00C35 

CALL  HCOPP  <J) 

RCPCC05S 

ccvrrvut 

REP3CC5? 

WR  I  TE  (MOUT*23C> 

R£P0C05a 

It=UNCOL(i>-; 

RCPcocsa 

TOtAta; 

REPC  C  063 

T0TPIM33.: 

REPC0C61 

TOTPIC^u.. 

do  ioc  i  = : . n s 

00  70  J=l,  3 

oopc  j>  =  : . 

AALfv/lSf  . 

CONTINUE 

KL=<- 

iclassc i > 

oo  ag  J=i»NO 

LO^VPTa { J) =LOAOCOL( J)*N3PU"P( J> ♦NVL*NQS EQ <  J  >-l 
CONTINUE 

00  9:  J-l *  NO  I AM < I ) 

ID=INT<0( It J) ) 
trsrvi 

dREAK  OUT  PIPE  CAPITAL  AND  OPERATING  COSTS 

°IC0ST=PIOACPF*(TAP(I0*«>*£KCAWF(:))*X(II) 

pr**cosTcprpi*»*FLOAr(  io>*x<  n  >/529o. 

IF  <  X(  ID  .LT.l.E-5)  go  to  9? 

*LsKL*l 

ftftl(XUsx(in 

00?<<L>sD<I.U> 

TOTALrTOTAL^PICOST-PIMCOST 

T0TPIC=T0TPIC-PIC0ST 

totptnstotpi^-pimcost 

continue: 

PRINT  OUT  SC  C  T  ION  DATA  -  INCLUDING  LENGTH  OF  SELECTEC  SEGMENTS 

-RITC  (HOUTtDPC)  PIPCC D t ALC Dt( (00P( J) tAAL(U) ltJsltD) 
CONTINUE 
WRITE  (M0UT,3CC> 

oo  u:  i si. ns 

WRITE  («0UTV3I3>  PTPE< I > . (4< I tL> «L* I #NC > 

continue 

•RITE  (MOUT.32C) 

DC  12'  Is:, ns 

■J  R  r  T  C  (POUTt^li)  PIPE  <1  ).  (HF  (  t.L>  »L=1.NG> 

CONTINUE 

WRITE  CNOUTtSTC)  TOTAL 
WRITE  <  MOUT  t3*C  )  TOTPtC 
WRITE  (*OUT,33C>  TOTPI* 
k:  : 

PRINT  COST  FOR  ADDITIONAL  STORAGE  ELEVATION 

SCCSTs' . 

TPUCQ5T*;, 

IF  (NST. EQ.“>  50  TC  i*C 
DC  13:  Isl.NST 

X( I ) s  x( I ) /PSCALi 

SCCSTsSCOST*STCOST<  I  > •  A  ( I  W3T0ACRF 
CONTINUE 

WRITE  l*0UTt3fiC>  SCOST 
IF  (NPUMP.EO.:  )  GO  TO  16-3 
WRITE  C  NOuT  t  37  D 

oo  is:  xsunpuhp 

J*LPUCRIT( t ) 

IF  (LPU>»P(ItJ).EO.:  >  GD  TO  15C 
KSLOAOCOL<  JMLPUMPf 

PUT  COSTs  U  .1*«P®U*P<  I  )-ou^ACRF*C  (  C  <  JCP*«L<  I )  .  J  >  •  DRJ«P(  I  ♦  J>  )•• 


REP  C  C  C  62 
REPO  C C 6  5 
REPO  C  06 4 
REPC  C  26  3 
REP0CO6S 
REPCCC6  7 
REPCCOo-i 
REPC  COS? 
REP  0  C  C  73 

rep;::?i 
repc:: 72 

RrP:o:7  5 
R  EP  *  1 j  7 ♦ 

»ep: : c  73 

®EPC:C7S 

3  cp: o  o  7  r 

REPC0C79 
-1?: 2 C  7  J 

a  ep; c : s: 
REPCCCfil 
RFO2OC02 
repc::<33 
»ep;:g8a 
a  e  p  c :  c 8* 
REPC‘OC0S 
REPC  C -  97 
R  EPS  0 C89 

rep::c8^ 

REPO: U 93 
REPC:C9l 
REP0C092 
R  EPC  C  C  9  3 
REPCC09* 
®EPCC  295 
rep:',  :9a 

r  £  pc ::  9  r 
rep:  'zii 

0  E  p  - c  C  9  A 

r ep::ic: 
repc  -in 
re»:  ::  : 
rep: : :: 3 
repc  :  ic» 
3ep::i : 3 
»ep:ci:* 

REP  I.!*.' 

rep:  . ic  3 
rep:: 139 
repc :ii : 
re®c :::: 
REPC C  112 
rep::  ii! 
k e°c : i i * 
rep::ii5 

REPCCiia 
R  EPC  0 1 1 7 
P EPC  D 1 1 8 

reps:::? 

FEPC  CXI! 
R  EPC  C 12 1 
REP  C  0 12  2 


1  3)*<  (XfO/^SCALE)***!^  ItJ)  )  * • *o42  > - <  (0(PWL(  I)  .J>»QPU"P< 

PMCOSTsPUN0*'*  ^AT0rM»0<B^L(I)*J)*<*<,<)/DSCACE)*l3PUHP(I»J) 
1  :)/C*5Ci-*PUv*>e(!)) 

wP=?*CC3T/PU*°* 

SC0ST3hP*ocwC0S  T*  DU**0w-  <  I  *U>  *  .7** 

..  ..  OTCOST  =  (PUICOST*PHCOST*?COST  ) 

TOUC 3 ST =  TPUCOST*  PTC  OST 

WPlTi  <“OUTt3»JO>  t  #PTC‘,ST»PUIC33T.PMC0ST,£C0ST,HP 

1*C  CONTINUE 

C**...»°!\T  SJT  PENALTY  COST  <*0R  T«E  OU*NT  '/API  A8LrS  > 
l*.-  T0YAL  =  TCTAL*SCC3T.TPUC0ST 

WPITc  (“O'jTtJ®:)  TOTAL 

_ £•*«  ••COMPuT*  A  -NO  PRINT  RESULTS  FOR  NOCES 

«RITE  < NQuT'*C0 > 

if  (nn-:;.3t.:  >  u«»:te  <hcut,41c> 

IP  <  ND’jNP.ra,'  )  SO  TO  19? 

c 

..  c . .  OPERATION  OATA 

r 

--  ”  U  3  I  T  E  (N0UT.42C) 
yPTTE  i NOU" »4  3C  > 

OC  IS 3  J* 1  *  NO 

oc  i’c  :=;»npu“° 

«... _ -  G<  X*J> 

ip  (lpj^u «j)*eo«:  >  so  to  17: 

__  _  Q<  I ,  J)SQ(  I.  J)*K<  L0A0C0U  0)^L3UPO<  1»  j>-l  >/°SCALE 

:  ■»-  continue 

_ _  .  a«lT*:  <«CUT*4«S1  J«  <  Q(<*  U>  t^si*NPUPP) 

1  O'  CONTINUE 

-  1C.*.  IP  <WVL •£©•£)  SO  TO  210 

c 

.  !>••••¥  ALrfC  OPPRATION  0AT4 

UP  I  TP  <MQUT«4<C) 
uRTTE  CNOUT.a*,:) 

-  —  -  OC  200  X*1«NQ 

<;=loa9COl< ; j ♦nopunpi j > 

<2  PL  OACCOL  < I »*N0PUNO( I  >*NVL-1 
WRIT*.  fM3UT  *H*  )  I  •  C  X  {  J  )  «  J  =  H  1  «<:  > 

2; :  continue 

if  ( nleo.e 3-: -ano .nsec .Eo.: >  sc  to  2?: 

c 

C*«**OUN«T  VARIABLES  •  OPERATIONAL  STATUS 

-  C 

JRITE  <**0UT,47:> 
up  i  TE  {MOUT  »•*•:> 

r:  continue 

IF  <NST*L“.:»  SO  to  230 

c 

£•••*#  ACJI T  TONAL  STORAGE  ELEVATION 
C 

URITE  <N0UT,4«:»  I  X  « I  - 1 «  NST  > 

upite  <*gut«*;:>  < * ( j) « j*i *nst > 

-  -  23?  CONTINUE 

TURN 

c 

24?  FORMAT  C8<3M  B( *1 T 2«CA.2)  > 


I ,J> >»-*EPC:i24 
REP3C125 
•  PPUNP(PEPii?12S 
® EPCC12  7 
=EP 00128 
REP! 1129 
°£P0313: 
P-EPC  C131 
R  EPS  C 1 32 
REP1C133 
REP0013* 
p£Pw  C 1 3  3 
JCPC  G I  35 
proc;  x  » ■* 
P£PG3 13* 
REPC  C 1 2  3 
» £  P  V  Cl  4  ? 

r*:p:c  i4i 
re»c  :i4? 
»CP3;i4i 
-EDC.  144 
rep:  ;i45 
PEP-C14* 
P£PC:i47 

r  ep  : ;  1 4  ^ 
REP3C14 * 
R EPOC  1 5 : 

rep:;  iv. 
*£pc;:52 
REPC- 1 15  3 
3ep:cie4 
R£PCC.15s. 

rep;;i5=> 
3ep:  ;;5t 
rep-;:i5r 
rep; : is3 
°ep: cist 

PEPCC1SI 
p£p::ie? 
HEP  :cib! 
REPCC15-* 
rep : - lo  5 

®epc; lb? 
rep: : 167 

REP:;icd 
R£P. : is J 

rep: : it: 
rep;: 17; 
R£PC  v 1 72 
REPC 1173 
REP-:;  174 

rcp;ci7s 

B EPOC  ITS 
REPC  3 1 7  7 
REPC 2175 
KCRQ C 1 7  9 
REPC  C IB ) 
REP2C 18V 
REP0C192 
REPC  C 183 
REPCC184 
REPCCISj 


*4A  «* 
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)  format  <3<:h  C( , I  3* SB) =,38.2) >  REPCC 

;  FORMAT  (///,26**  COMPUTATION  THE  TO  TAL  3<  TM  SEC  ONOS  )  « /  »  i  9M  SU0ROUTI  REP£  ? 
1  NE  *A7GEN  *F0.m,/,19M  SUBROUTINE  NETOP  ,F3«a,/,1  9*j  SUBROUTINE  PLOREPOC 
CSCL  ,FR.4,/,1?m  SUBROUTINE  LP  *F3.4,/,;0m  $U8*0UTINC  LPFC**  ♦pRCP'J: 

38.4,/, 1R*  SUBROUTINE  PUHC^K  3UaR0UTlNE  QR AO  ,F S. 4 • / « »EPS 0 

ftl«H  SUBROUTINE  CIAMChG,FS.4,/*;9m  SUBROUTINE  FUCHS  ,F$.4,/«19h  SUREPOC 
SPROUT INE  3AVE0PT,FR.*>  REPCI 

:  format  (2CX.C9-  IS  OPT I MA  l  ffU0w  ITERATION  NC.,I2>  REPCC 

:  FORMAT  C///lOX,E'-“  S  $0°T  I  m  AL  01  AMETERSt/;:  *  »3Q(  1H-)  / / 2 X , 35 **SSE C  U°EPCC 


IENGTm  0IA«1  LENGTH1.3GM  C I A  M  >  LENGTH* 

2  */2x,72-  SSNO  FT.  IN  ft,3*m 


length srep:: 


3  IN.  FT.  ,X,/f5H - ,*,2CI9h - ♦  >>  PEPCC 

FORM*!  <ix,2HSt,  I  3,-»x,  10  (??.  2)  >  &EPC  ^ 

format  1///22X,: 2-  JSLINK  FLOR  DISTRIBUTION-  (3PM)  ,/,54M  ulIN'  LREP:” 


LOADS, 32m 


LOAD! 

LOAOe 


L  0  A  0  8  REPC: 

rep:: 

PEP"-  v 

i  lcadr&p:: 
oe  loarep:: 
rep*;: 


10A01  LOADS  L0CE3  LOAD4  LO  A  05  LOADS, 33"  L0A07  lOAC$  REPC I2C 

:  load'  LOADi: )  rzp: : z; 

:  FQO MAT  <  1  X.EnSi, I  5 , q ( F 1 1 . , 2Hli >  REP'CSO 

“  FORMAT  (///22x,c;w  LIN<  H-;  AC  LOSS  (FT)  ,/,,97h  L I  NR  L0A01  LCA0ft£P::2C 
12  LCA03  LCAOA  L0A05  L0A08  LOAD?  L  0  AO  0  LOAREPCCC: 

OCR  LCAOiC)  REPwCDC 

FORMAT  (/lvX,4CH  stTOTAL  EQUIVALENT  ANNUAL  PIPELINE  COST.FIS.O  aEP::CC 
F 03MAT  (/2x*42H  tSEGUrVALCNT  ANNUAL  3I°ELINE  CAPITAL  C03T,F13.:>  REP0i2C 

FORMAT  (/2x,42a  StANNUAL  PIPELINE  O&M  COST  ,FI3.C)  R  E  P  0  C  2  C 

format  (//::x,4:h  sstotal  eouIvaleat  annual  storage  cost  , f i 2 • c )  REPrrrc 

FORMAT  (5C«  ST3UMP  NO.  TOTAL  CAPITAL  MAINT  ENERGY  HP)  R  E  P :  •  j  2 1 

FORMAT  (3h  SS, I2,5F1S.C)  REp::2i 

FORMAT  <2'X,46h  JSTOTAL  EQUIVALENT  ANNUAL  NETMORMNC  aE,ALT  T  >  •  *  12  .  RE»C  0  2  i 

i : )  .  3  ep::d: 

:  r  0°  M  A  T  (  Ix,////15X,1SH  NODES  DATA  ,  /2C  X  ,  1  C  (\ H  s  )  ,  /  7  X  ,  1  3  M  NOO  E  D  EPC-  :  2  1 

1  NO..*X,2HF*  rCTI0N,3X,  7HMIN/MAX,7X,10HEXISTING  D JAL/25X , SHLREP- : 21 

20SSES.4X,1C.HPRESSURE  A  LLCW  CO  *  »X  ,  23  hp  RE  3SURE  ACTIVITY,/)  REP3C21 

:  format  (  1  m  fHMORr^suRE  CO  #3.  )  RSP3221 

-  FORMAT  C//1 3X,CUHPUMPS  ACTIVITY  ( CT ) , / 1 3X , 1 5 ( 1 M- ) )  REPC:21 

:  FORMAT  (/,*CH  LOAD  PUMP  »U'P  PUMP  =UM?  3U MP , 5 = R £P i C 2 i 

IH  NO.  NG.X  NO. 2  NO. 3  NO. 4  NO. 5  NQ.S>  R £PC  C  22 

:  .format  c /•:x*chsj,i3»s(3x,fs.1) ,2h*s)  repoccc 

-  FORMAT  ( // 1 3X ,2  IMREAL  VALVE  AC T I V I T Y , / 1 3X , IS ( I m- )  )  REP:c2C 

:  FORMAT  ( / *  5GH  LOAD  VALVE  VALVE  VALVE  VALVE  ,5?aEPCC22 

IHVALVt  VALVE  valve  VALVE  valve  VALVE, /telM  NORE°0:22 

I.  NO  •  1  NO. 2  NC.  3  NO. 4  NO. 5  ,4*HN0.S  RLPCC22 

3  NO. 7  NC.P  NO. 9  NO . 1 ? )  ®  EpC  0  22 

:  format  ( //: ! x,: imoummy  valve  activity »/i3x ,*?< !*-)>  *ep::e: 


:  FORMAT 
1 HVALVE 


I*  FORMAT  (/,*9h  load  source  source  source  source*  u*r  epo: 
:  sour  cr*/,<*iH  no.  no.  1  no.:  .  3  no  • « ,  rm  rep:: 

CNC . 5  >  »E°:, 

‘  format  (/5X,35h  ADDITIONAL  STORAGE  ELEVATIONS  ( c T  )  ,  /  5  *  *  3 3 ( 1 -- ) * / , 1 R I  P  1 
12H  STORAGE  NG • * 5 X, 131c)  «E° 

!  f03^4T  ( /  , ; r  h  SSAODEO  ELEVATION, 10F6.1 )  REP 
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SJKPOUTINE  TPA3E  < LVE 3 . NENTEK ,LOAO > 

common  /sufii/  o<»; »« i .  t6ct  i25i  ,hot  125  >  in  «3.  z  > 

COMMON  /»"<ax/  AM  A  T  <  ICC  *275) 

COMMON  /SCVcrC/  “U25).C(325> 

COMMON  /INTER/  LOPTRf  ’51  ,LCO«<  3231 

COMMON  IHEOI J> «I3EO( ' >.ILE3C 3) »N3H£3f 3) ,NJL£ 0( 3) .NQSEOI 3) 

Common  /  P  4T  Ml  /  NST ART < 7«) .NFINI SH( 73) 

COMMON  /PiTHJ/  PPTO I  73 ) ,NL34D( 73) 

CO“MON  / NO 0£ 1 /  PR  I  2  3, T ) ,£LV< 2R ) 

COMMON  'N03EI/  NPTPIJR ,3 > »NR£FC28. 3) ,0 1URC- <• > 

COMMON  /LINK/  AL  <  »:  )  «  £  XCAVC  (  *3  )  «  M  J(  »0  )  ,  I  CL  4  $3  <  30)  <  LINCOL  (*5  >  ,  N'O  I 
i(40),ta^(30,;>,;on<‘R),;ox<*3) 

COMMON  /SAilC/  ISV (32:  > » tp! V (125) 

crMMo,N  / r l  ■  a /  cot  ••>, ;or ♦:>»alp4(  ;> 

COMMON  /PMJCM',/  ‘.NO!  1 :  I  ,0£L3hS  1 1 : ) 

COMMON  /%')“<}£»/  MX  PL  0 1  T  ,NS  ,N  J»Nm  ,  NVL  » NP'JMP  ,N3  T  ,NCM4SS,NjOUvC£*PS 

LLE 

COMMON  /MATRIX/  NM50MS.NMCOLS.N»SL4CK ,N0VAOS.NMUR3.,m«l=IT 
common  /STATUS/  IlPPORM, I ORAO, iplosel. ilp 

common  /OR  40/  I  NT -a  ,  IC 0, I RR&S.G/«COST. OIMP-R . ALPMi, I AL?« TCP  IT 

common  /“OUT/  MOuT.MIN 

COMMON  /PROS/  N MR  0  ,1)33 3 ,NL£Q *NP£ 0 

COMMON  /NRHSCM5/  N'PMjCMG 

;nT£G£R  £OPTR,?PTR.M£'.NO 

URITE  (“OUT, 71)  LO  A0,'!RINISM(LV£3)  ,N£NT£R  ,LV£0 

i  l  pror  “•=: 

..  •«  CMAN3E  COEFFICIENT  MATRIX 

KIXPPTR  <LV i Q ) *  1 

K;x?pTR(LV'0)*N0(=ptR(LV£3)) 

30  xn  J=1  ,  ' 

IR  (J.-S.2)  <:=I430(NPTR(N£nT£R.L0A0) ).; 

IF  I  J.  ;-..£)  <2  s I AH3  (MPTR(N£NTlR,L0A3)  )*NOC  I  ABS  (  NPTR  (NtNT£R,LO 
:  ) ) ) 

oo  i ski ,kc 

LINKS  I  AriS ( N  0  (  I ) ) 

SNSRL0AT( LINK/NO ( I ) ) • 3CL I NK,L043)/4HC (5  (LINK  ,1.0 A3) ) 
NjM;slINC0l<LINK) 

NUM2SNUMI -NS I  AMI  LINK ) -  I 

70  NJ“=NU*:  fNUMt 

:i=i:*: 

IF  ( ISV (NUM) .GT.  )  1=  I  V(  HV(NJM)  )  si 

CILRRLOAttC-:  )..J).S“.  k.xt;.(  I  jal'M.LOA-:  )/“-■(  LINK))*. 

4!I)/( OtLIiK. II ) ••«. 471 

I  4R  TsN3V4»S*N»SL*CK*LvEi 
no  ;c  iit=i ,NMROMS 

AM4T(I!!,NUM)3AMAf«:iI,NjM)»AMAT(III,IARr).3£L 
CONTINUE 
CONTINUE 
V  CONTINUE 
•  ‘  CONTI  N"J  - 

..  ••  CHANGE  «IOMT  ha.NO  jioe 

NRMSCMG*nrmsChg»1 

TRAOEOLRT’AUTCOSAC' 

OELRmS<N»mSChS)=ELV«N«EF( NENTRO.LCAO) ) -ELVINENTER )-PR(N:NTER ,LOA 
: -«ELV (NSTIMTILVEO) >-£LV<NFTNl SMCLVEII I-PRCNFINI SMIL VE3) «L0A3> ) 
“E  ONO( NR  HO CHG) RIVET 
..  ..  C“4N0E  INTERACTION  ARRSTS 


TRACDn 

;  i 

TRAC  C  t. 

C2 

TRAC; 

.CT 

T  «  A  •:  o 

C  4 

TRAC  0 

v33 

TR  Ai  ; 

C  6 

tra:  i 

;  7 

T  RA2. 

:** 

TRAC  : 

CCR 

TRAC  : 

•  ' 

tra:  : 

1 1 

TRAC: 

c  i : 

r  o  a ; ; 

i ' 

tra:; 

i<* 

mac: 

t  =  a:  c 

cl. 

tra:; 

;w 

tra;  ; 

-  .  7 

tra;  : 

"  2 

trac  : 

:  2 1 

TRAC  ; 

;  2  2 

TRACC 

;  2 : 

t  r  a  ;  im 

C2* 

tra;; 

C25 

*rao; 

.26 

t  p  a  ;  c 

:  i 7 

TRA).; 

C23 

TRA'.; 

;  z  * 

tra-.: 

-  X  - 

tra:  : 

-  T  1 

T  r  a  : : 

■  1  3 

TRACC 

C3; 

TRAC  : 

:  34 

TR  A  c 

■  TO 

TRACC 

C3-i 

TRACC 

:37 

TP.  Aw 

: 

tra;; 

tra;; 

:r  : 

tra;  ; 

*.  4  l 

TRAC  ; 

tra;  ; 

:« 3 

tra; 

1  *4 

tra;  : 

:  4  5 

T  R  A  x. 

:  a  j 

TRACT 

:«*  7 

toa;  ; 

Z  M 

TP  A  c 

;«** 

TP  a;  ; 

:  3; 

TRACC 

r52 

T  R  A  0 

:5: 

tra;  j 

*  c  • 

T8A0C 

C5R 

tra:: 

;!3 

TRACC 

0  3i 

tra;: 

;  *  t 

TRACC 

C3R 

tra;; 

:3? 

tra; 

:  & : 

TRAC; 

06! 
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Is  C  I\T£R.  EG.  ' -OR*  AIOL£C<  lOAO)*£G«?)  SC  TO  eC 
O'?  a?  IsILiOCL^AO)  *IL!:0(L040)*^QL£3CL040»-1 
LOOP=  t-NHC0-N3M 

if  ( £optr<loop> •cq.: )  so  to  *c 

*=£QPTR  <LOO°  >*i 

30  t:  j=i,lcomck-;j 

IF  (LCO*«<»<  >  .^Q.-N*:^rra  )  LCOH(K  ) 
r '  U.COH(iO.£3.LV£G>  LCOMCKIa-NFINISHlLV  £Q> 

K  =  K ♦LCOH ( K* I > ♦S 
CONT IMUr 
COMTINUc 

r\PTP{NFIN:SMCLV£w>tL0AC>=*NOTR(WFlVlSrtCwVia>»l.0AJ> 

NPTR( %€NT^HtL0A0)2-NPTPl N£NT£»t LOAC) 

*i*  i  n  :  s*  i  l  v  •:  o  > = n?  i  t  •: * 

PPTP(LV£S>sNPTP(N-:\T£P^LOAO) 

9  -;  TUR  * 

?•  FORMAT  <  ?M  tOAn  IS*  LCAVtSS  N03£«t£« 

: \ r:  = : \ o .  i7h  :n  :quation  nc . * i i > 


£»:D 


tracc:62 

T  R  A  :  :  c  6  3 
TkAjCOo* 

tra:  ,'t65 

TPACCCioo 
T9a:C  w67 
TRAC-  '  b* 
TPACOCb^ 
TRaO:G75 
TRAJCC  71 
T  R  AC  0  C  72 
T  R  A CC  r 7  » 
TRACC07'. 
T  A  AC  2  C  7n 
T  9  A  C  2  C  7  *5 
t  r  a  ;  ;  7  t 
9-toa - : 

t9a::ct^ 
t9ac:cs: 
T  9  a  3  c  3  r  i 


* 

'i 


.i» 


GLOSSARY 


This  glossary  defines  the  symbols  used  in  this  paper  includ¬ 
ing  where  applicable  the  units  of  measurement.  The  section  or 
Appendix  where  the  symbol  is  introduced  is  given  in  parenthesis  fol¬ 
lowing  the  definition. 

A  --the  cross-sectional  area  of  link  k  (square  inches)  (3. 3. 4.1) 

K 

a. . —the  constants  used  to  define  sets  on  the  real  line  (5.4.3) 

a--the  maximum  step  length  in  the  detailed  design  solution  algorithm 
(GPM)  (5. 5. 2. 7) 

a  --the  maximum  step  length  at  iteration  k  (GPM)  (5. 5. 2. 7) 

a  .  --the  step  length  below  which  the  detailed  design  solution 
min 

algorithm  terminates  (GPM)  (5. 5.2.8) 

B--the  linear  program  basis  matrix  (5. 5. 2. 6) 

BMAX--the  maximum  budget  level  (dollars)  (5. 3. 2. 6. 4) 

b. .--the  external  flow  at  node  i  (GPM)  (1.1.4) 
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C„--the  cost  vector  of  the  linear  program  basic  variable  (5. 5. 2. 6) 

— the  cost  of  electricity  per  kilowatt-hr  (dollars)  (5. 3. 2. 6. 3. 2. 1 ) 

— the  total  capital  cost  of  link  k  (dollars)  (3. 3. 5.1) 

CCP(Q)— the  optimal  objective  value  of  the  complementary  convex  pro¬ 
gram  with  flow  distribution  Q  (5. 5. 2.1) 

CFR--the  capital  recovery  factor  (5. 3. 2. 6. 2) 

CL,  .--the  total  equivalent  uniform  annual  cost  per  foot  for  install- 
kj 

ing  a  segment  of  diameter  j e (dollars/foot)  (3. 2. 2.1) 

c  --the  total  estimated  cost  of  installing  redundant  link  k  in  the 
system  at  minimum  diameter  (dollars)  (4. 4. 1.1) 

c,  .--the  total  estimated  cost  of  installing  candidate  diameter  redun- 
kj 

dant  link  j  e  (dollars)  (4. 4. 2.1) 

c.--the  reduced  cost  of  the  j  th  linear  programming  variable 
J 

(3.5.2) 

D--the  link  diameter  (inches)  (1.1.3) 


Dk--the  diameter  of  link  k  (inches)  (1.1.4) 
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* 

D  --the  optimal  link  diameter  for  link  k  (inches)  (Appendix  C) 

K 

D  --the  jth  candidate  diameter  for  link  k  where  j  s  S  (inches) 

K  J  K 

(3. 3. 2.1) 

DN0DE--the  set  of  demand  nodes  (3. 2. 2.1) 

d..--the  minimum  total  redundant  link  capacity  required  to  cover  the 
failure  of  primary  link  i  (GPM)  (4. 4. 2.1) 

$-method--one  of  the  two  principal  methods  of  separable  programming 

(3. 3. 5. 2) 

AD^-the  change  in  diameter  for  link  k  (inches)  (4.4.4) 

E--the  general  symbol  for  energy  (ft-lb  or  kw-hr)  (1.1.2) 

EL--the  vertical  distance  (elevation)  above  a  fixed  datum  plane 
(feet)  (1.1.2) 

EL..--the  elevation  at  node  i  (feet)  (1.1.2) 

EQCAP.--the  average  excess  primary  link  flow  capacity  available  from 
the  alternate  source  in  case  of  failure  of  primary  link  i 
(GPM)  (4.4.4) 
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EUAC-- the  equivalent  uniform  annual  costs  (5. 3. 2. 6. 2) 
e'--the  thickness  of  the  pipe  wall  (inches)  (1.1.3) 


e 


Ik’ 


e 


.--the  discrete  valued  constants  used  in  defining  the  con- 
*  J 

straint  matrix  for  the  set  (Problem  P6)  and  flow  (Problem  P7 
models  (4.4.1  and  4.4.2) 


) 


e.  ,  £2--the  constants  used  as  stopping  criteria  for  the  Hardy  Cross 

balancing  method  (1.2.1) 

^ENERGY--the  estimate  of  the  external  energy  which  must  be  added  to 
the  system  to  attain  minimum  normal  nodal  pressure  levels 
(feet)  (3.4) 

F--the  feasible  region  of  the  MAXWMIN  problem  (Problem  P12)  (5. 3. 3. 2) 

f'— the  dimensionless  friction  factor  in  the  Darcy-Weisbach  rational 
friction  loss  formula  (1.1.3) 

f.  (  ),  f..(  ),  f  (  )--general  arbitrarily  defined  real  valued 

K  1  a* 

functions 


G..--the  gradient  for  loop  i  (5. 5. 2. 7) 

k 

GMAX  --the  largest  absolute  value  of  G  at  iteration  k  (5. 5. 2. 7) 
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GPM--the  abbreviation  for  gallons  per  minute  (1.1.3) 

GRAPH--an  undirected  graph  (3.3.1) 

2 

g ' --the  gravitational  constant  (ft/sec  )  (1.1.2) 

g(  ),  g  (  ),  g(  )--general  arbitrary  real  valued  functions  (3. 3. 5. 2) 

1  K 

y--the  specific  weight  of  a  fluid  (lb/ft^)  (1.1.2) 

H^--the  head  at  node  i  (feet)  (3. 2. 2.1) 

hL  (i)--the  head  at  node  i  under  loading  condition  l  (feet) 

(5.3.2. 1) 

AH..--the  change  in  head  at  node  i  during  application  of  the  nodal 
form  of  the  Hardy  Cross  method  (feet)  (1.2.1) 

AHF--the  frictional  head  loss  on  a  link  (feet)  (1.1.2) 

AHF^--the  frictional  head  loss  on  link  k  (feet)  (1.1.4) 

★ 

AHF^ — the  optimal  frictional  head  loss  on  link  k  (feet)  (Appen¬ 
dix  C) 

AHFk(2,)-- the  frictional  head  loss  on  link  k  during  loading  l 


(feet)  (5. 3. 2.1) 
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HMIN_.  — the  minimum  head  at  node  i  (feet)  (3.2.2. 1) 

HMIN  ( 5, )  —  the  minimum  head  at  node  i  under  loading  l  (feet) 
(5.3.2.1 ) 

HPk*-the  horsepower  of  pump  k  (horsepower)  (5. 3. 2. 6. 3. 2. 1 ) 
HPMAX^-'the  maximum  horsepower  of  pump  k  (horsepower)  (5. 3. 2. 5) 
HPMINk*-the  minimum  horsepower  of  pump  k  (horsepower)  (5. 3. 2. 5) 
HW--the  dimensionless  Hazen-Wi 1 1 iams  roughness  coefficient  (1.1.3) 
HWk--the  Hazen-Will iams  roughness  coefficient  for  link  k  (1.1.4) 
h.(x)--a  general  nonlinear  function  (1.2.1) 

I--the  interest  rate  on  funds  (5. 3. 2. 6. 2) 
inf--the  infimum  of  a  function  (5.4.3) 

Jk--the  hydraulic  gradient  for  link  k  ,  i.e.,  head  loss  per  unit 
length  of  pipe  (3.3.4. 1 ) 

★ 

J.  .--the  optimal  hydraulic  gradient  on  the  j  th  segment  of  link  k 

KJ 


(Appendix  C) 
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★ 


on  loading  I  (Appendix  C) 

J--a  uniform  hydraulic  gradient  (3. 3. 4.1) 


JAC  --the  Jacobian  matrix  at  iteration  k  of  the  Newton-Rhapson 
method  (1.2.2) 


K--the  general  multiplicative  constant  in  the  empirical  frictional 
head  loss  equation  (1.1.3.) 

K, --the  constant  multiplier  for  frictional  head  loss  in  link  k 
k 

(1.1.4) 


--the  constant  multiplier  for  frictional 
j  e  on  1  ink  k  (5.3.2.1 ) 


head  loss  on  segment 


K^— constant  multiplier  used  in  development  of  nonlinear  minimum 
cost  flow  model  (3. 3. 5.1) 


L— the  link  length  (feet)  (1.1.3) 

Lk~ the  length  of  link  k  (feet)  (1.1.4) 

IC^—the  set  of  loops  which  have  links  in  common  with  loop  i 
(5. 5. 2. 7) 
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LE— the  set  of  emergency  loading  conditions  (5. 3. 3. 2) 

LINK--the  set  of  links  in  the  distribution  system  (3.3.1) 

LN--the  set  of  normal  loading  conditions  (5. 3. 3. 4) 

LOOP..--the  set  of  links  in  loop  i  (1.1.4) 

LOOP..  ( 2. ) --the  set  of  links  in  loop  i  under  loading  conditions  l 
(5.3.4) 


LP..--the  length  of  the 
ij 


j  th  path  from  the  source  to  node  i 


the  shortest  path  tree  model  (feet)  (3. 3. 4.1) 

l  --the  critical  loading  condition  for  pump  k  (5.3. 2. 6.1 .2) 
Ck 


in 


5,.j ,  X,2”the  dimensionless  constants  used  in  defining  the  capital 
pump  cost  function  (3. 3. 5.1) 


^--a  dimensionless  constant  used  in  development  of  the  nonlinear 
minimum  cost  flow  model  (3. 3. 5.1) 


i.,  ic,  le — the  dimensionless  constants  used  in  defining  the  capital 
4  b  o 

pump  cost  function  (5. 3. 2. 6.1 .2) 

A-method--the  method  of  separable  programming  used  to  solve  the  non¬ 
linear  minimum  cost  flow  model  (3. 3. 5. 2  and  Appendix  B) 
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A '--the  expected  number  of  link  failures  per  foot  of  pipe  per  year 
(4.3.2) 

A" --the  weight  used  in  the  proof  of  THEOREM  II  (Appendix  C) 

KJ 

M--the  number  of  decision  variables  in  the  separable  program 
(Appendix  B) 

M' (GRAPH)--the  tree  matrix  used  to  count  the  number  of  spanning  trees 
in  a  graph  (3.3.1) 

MAXFLOIT--the  maximum  number  of  flow  iterations  in  the  detailed 
design  solution  algorithm  (5. 5. 2. 8) 

MAXIMB--the  maximum  head  imbalance  in  the  Hardy  Cross  method  (Appen¬ 
dix  A) 

MAXMIN--the  objective  function  to  maximize  the  minimum  nodal  head 
over  all  emergency  loading  conditions  (5. 3. 3.1) 

MAXWMIN— the  objective  function  to  maximize  a  weighted  sum  of  the 
minimum  nodal  heads  over  all  emergency  loading  conditions. 
This  term  also  refers  to  Problem  PI 2 .  (5. 3. 3.1) 

MAXWNODE--the  objective  function  to  maximize  a  weighted  sum  of  nodal 
heads  over  all  emergency  loading  conditions  (5. 3. 3.1) 
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MINCOST--the  objective  function  to  minimize  equivalent  uniform 

annual  costs.  The  term  also  refers  to  Problem  PI 3  (5.4.2) 

m--the  dimensionless  constant  exponent  for  the  diameter  in  the 
empirical  frictional  head  loss  equation  (1.1.3) 

m'.  .  —  the  i,j  element  of  M' (GRAPH)  (3.3.1) 

N--the  number  of  equations  in  a  system  of  equations  (1.2.1) 

NLINK--the  number  of  links  in  the  distribution  system  (1.1.4) 

NLOAD — the  number  of  loadings  (Appendix  C) 

NL00P--the  number  of  independent  loops  in  the  distribution  system 
(1.1-4) 

NL00P(Z)--the  number  of  active  loops  under  loading  condition  l 
(5.3.4) 

NN00E--the  total  number  of  nodes  in  the  distribution  system  (1.1.4) 

N0DE--the  set  of  nodes  in  the  distribution  system  (3.3.1) 

NP^-the  number  of  tree  paths  from  the  source  to  node  i  in  the 
shortest  path  tree  model  (3.3.4. 1) 


NPPUMP^  —  the  number  of  identical  parallel  pumps  composing  pump  k 

(5. 3. 2. 6. 1.2) 

NPUMP--the  number  of  pumps  in  the  distribution  system  (3. 2. 2.1) 
NSOURCE--the  number  of  sources  (5. 3. 2. 2) 

NST--the  number  of  elevated  storages  in  the  distribution  system 
(3.2.2.1 ) 

NYEAR--the  economic  life  of  an  item  of  capital  equipment  (years) 

(5. 3. 2. 6. 2) 

r;  --the  pump-motor  efficiency  of  pump  k  (5. 3. 2. 5) 

n--the  exponent  of  Q  in  the  empirical  head  loss  equation  (1.1.3) 

0..--the  set  of  links  with  flows  leaving  node  i  (1.1.4) 

n--a  closed,  bounded  set  (3.3. 5.1) 

PATHs^--the  set  of  links,  pumps,  and  storages  on  the  path  from 
source  node  s  to  demand  node  i  (3. 2. 2.1) 

PEN^--the  penalty  coefficient  used  in  the  quadratic  programming 
problem.  Problem  P18  (Appendix  C) 
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PHMIN^-- the  minimum  head  for  pump  k  (feet)  (5. 3. 2. 5) 

PHMAXk--the  maximum  head  for  pump  k  (feet)  (5. 3. 2. 5) 

PL--the  set  of  links  in  the  core  tree  (3. 2. 2.1) 

PL--the  set  of  non-tree  or  candidate  redundant  links  (3. 2. 2.1) 

PLk*-this  term  used  to  identify  a  specific  subset  of  non-tree  links 
(4.4.3) 

PU  [XPk(  ck),  QPk(  ck)]--the  total  equivalent  uniform  annual  capital 
and  operating  cost  for  pump  k  (dollars)  (3. 2. 2.1) 

-r—the  dimensionless  constant  which  is  the  ratio  of  the  circumfer¬ 
ence  of  a  circle  to  its  diameter  (3. 3. 2.1) 

ff  =  (tt^  ,  . ..)-- the  vector  of  dual  variables  (5. 5. 2. 6) 

p--the  fluid  pressure  (lb/ft^)  (1.1.2) 

2 

p.— the  fluid  pressure  at  point  i  (lb/ft  )  (1.1.2) 

Q— the  flow  rate  (GPH)  (1.1.3) 

qk*-the  flow  rate  on  link  k  (GPH)  (1.1.4) 

qkU)--the  flow  rate  on  link  k  on  loading  l  (GPH)  (5. 3. 2.1) 
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Q  =  (Q.| ,  ....  ^LINK^""^6  link  flow  distribution  vector  (GPM) 

(5. 5. 2.1) 

A  X.  L. 

Q  --the  link  flow  distribution  vector  at  the  ktn  iteration  of  the 
detailed  design  solution  algorithm  (5. 5.2. 7) 

Ok — the  initial  estimate  of  flow  on  link  k  for  the  linear  theory 
balancing  method  (1.2.3) 

Q*--the  optimal  flow  on  link  k  (GPM)  (5.5.4) 

Qk  --the  expected  flow  on  link  k  after  failure  of  pirmary  link  i 

l 

(GPM)  (4.4.4) 

QMAXk--the  flow  capacity  of  link  k  (GPM)  (3. 3. 4.1) 

Qk~-the  average  daily  flow  rate  on  link  k  (GPM)  (4.3.1) 

AQi --the  flow  change  on  loop  i  (GPM)  (1.2.1) 

AQ  =  (AO, ,  AQNLQQp)--the  vector  of  loop  flow  changes  (GPM) 

(5. 5. 2.1) 

a|^  X.  L. 

AQ  —the  vector  of  loop  flow  changes  at  the  k  iteration  of  the 
detailed  design  solution  algorithm  (GPM)  (5. 5. 2. 7) 
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k 

AQMIN  --the  minimum  loop  flow  change  at  iteration  k  used  in  the 
detailed  design  solution  algorithm  (GPM)  (5. 5. 2. 7) 

QP^ — the  flow  through  pump  k  (GPM)  (3. 2. 2.1) 

QP^U)--the  flow  through  pump  k  under  loading  l  (GPM)  (5. 3. 2. 5) 

R--used  to  define  a  specific  convex  set  (5.4.3) 

Re--the  dimensionless  Reynolds  number  (1.1.3) 

RMAX--the  maximum  resistance  which  a  valve  can  provide  (feet) 

(5. 6. 4. 3. 3) 

r^--the  minimum  number  of  redundant  links  required  to  cover  the 
failure  of  primary  link  i  (4. 4. 1.1) 

Sk--the  set  of  candidate  diameters  for  link  k  (3. 2. 2.1) 

SHMAXk~-the  maximum  height  storage  k  may  be  elevated  (feet) 

(5. 3. 2. 4) 

SNQDE--the  set  of  source  nodes  (3. 2. 2.1) 

SOURCE^-the  jth  source  (4.4.4) 

STCk--the  equivalent  uniform  annual  cost  per  foot  for  elevating 


storage  k  (3. 2. 2.1) 


SSP^. -- the  set  of  primary  links  on  the  source-to-source  path  from 
the  alternative  source  to  primary  link  i  (4.4.4) 
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SV--the  salvage  value  ratio  for  an  item  of  capital  equipment 
(5. 3. 2. 6. 2) 

T\--the  set  of  links  with  flows  entering  node  i  (1.1.4) 

t. --the  expected  repair  time  for  repairing  failure  of  primary 

link  i  (minutes)  (4.3.1) 

U--the  load  factor  for  computing  the  pump  energy  usage 
(5. 3. 2. 6. 3. 2.1) 

u^'-the  expected  unsatisfied  demand  resulting  from  each  failure 
of  primary  link  i  (gallons)  (4.3.1) 

u. --the  expected  annual  unsatisfied  demand  resulting  from  failure 

of  primary  link  i  (gallons)  (4.3.2) 

V--the  velocity  of  water  flow  (ft/sec)  (1.1.2) 

Vk--the  velocity  of  water  flow  on  link  k  (ft/sec)  (1.1.2) 
w?--the  weight  assigned  to  emergency  loading  2.  in  the  MAXWMIN 


problem  (5. 3. 3. 2) 
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X--the  general  set  of  decision  values  in  a  mathematical  programming 
problem  (5. 3. 3. 2) 


XL  --the  length  of  pipe  of  diameter  j  e S,  to  install  on  link  k 

K  J  K 

(feet)  (3. 2. 2.1) 


XP--the  head  lift  provided  by  a  pump  (feet)  (1.1.2) 


XP^-'the  head  lift  provided  by  pump  k  (feet)  (3. 2. 2.1) 


XP  U)--the  head  lift  provided  by  pump  k  on  loading  l  (feet) 
(5. 3. 2.1) 


XSk~-the  height  to  elevate  storage  reservoir  k  (feet)  (3.2.2. 1) 


XV..,  XV ..--the  resistance  provided  by  valve  i  (feet)  (5. 5. 2. 6) 


x--a  general  one  dimensional  real  variable  (5.4.3) 


x  =  (x^  •  ...)--a  general  vector  of  real  variables  (1.2.1) 


x.--a  single  component  of  the  vector  x  (1.2.1) 
3 


x  --the  value  of  x  at  iteration  k  (1.2.1) 


Ax  --the  change  in  x  at  iteration  k  (1.2.1) 


Ax. --the  change  in  x.ex  (1.2.1) 
J  J 


-  # 
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2*,  z**--the  optimal  objective  function  value  for  a  mathematical 
programming  problem  (3. 2. 2. 2) 

z^'-the  value  of  the  minimum  nodal  head  on  emergency  loading  l 
(5. 3. 3. 2) 

Az— the  change  in  objective  function  value  (3.5.2) 
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